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Snyder, Julia L. M.S., Purdue University, December 2016, Investigations on the Vampire 
Moth Genus Calyptra Ochsenheimer, Incorporating Taxonomy, Life History, and 
Bioinformatics (Lepidoptera: Erebidae: Calpinae). Major Professor: Jennifer M. Zaspel. 
 
 The seventeen species and two subspecies described in the genus Calyptra are 
known to be obligate fruit piercers, with some species being of economic importance. 
Males within the genus have not only been observed piercing their fruit hosts, but have 
also been documented to occasionally feed on mammalian blood. The genetic and 
ecological mechanisms contributing to host preference for either plant or vertebrate hosts 
in this lineage are unknown. Thus, the focus of this study was to investigate the 
chemosensory systems between and among Calyptra species exhibiting differential 
feeding strategies. Before investigating the chemosensory systems within Calyptra, the 
taxonomy and biology of all species used were reviewed. This examination resulted in 
the synonymy of the subspecies complex of C. minuticornis (Guenée) and provided novel 
life history information about the species C. canadensis (Bethune). In addition, the study 
of chemosensory genes in Calyptra provided evidence for the presence of 83 candidate 
genes and revealed no significant difference in chemosensory transcript expression 
patterns between blood and non blood-feeding Calyptra species.
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1.1 Overview of the Biology and Life History of Calyptra 
 
The genus Calyptra Ochsenheimer, commonly called vampire moths, is known for its 
unique obligate fruit feeding and facultative blood-feeding behavior as adults (Bänziger 
1982, 2007; Zaspel et al. 2007). This genus is distributed throughout five of the seven 
continents, with the lineage being most diverse in Asia (Goater et al. 2003; Holloway 
2005). Throughout the genus’ range, species have been reported using their proboscis in a 
saw-like motion to pierce a variety of fruits including citrus, figs, grapes, plums, pears, 
mangos, apples, strawberries, and raspberries (Hattori 1969; Bänziger 1970, 1975, 1986, 
1989, 2007). The puncture wounds that form after piercing have been hypothesized to be 
a factor contributing to agricultural loss by causing fruit rotting, the potential for invasion 
of secondary pest species, and aiding in the transmission of disease (Todd 1959; Buttiker 
1960; Sands 1993). Although the adults are pests of economic importance, the larvae are 
not: the host plants of the larvae include species from the family Menispermaceae, 
Ranunculaceae, and Papaveraceae (Holloway et al. 1987; Sugi 1987; Fay 2005).  
 While obligatory fruit piercing has been observed in males and females of nearly 
all Calyptra species, blood feeding is limited to adult males, and has only been 
documented in 10 of 17 described Calyptra species (sensu Bänziger 1983). The 
vertebrate hosts include, but 
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are not limited to the following; Asian antelope (Boselaphus sp.), deer (Rusa sp.), tapir 
(Tapirus sp.), pig (Sus sp.), bovine (Bubalus sp.), elephant (Elephas sp.), and humans 
(Hattori 1969; Bänziger 1970, 1975, 1986, 1989, 2007; Zaspel et al. 2007). The 
biological role of blood feeding in vampire moths is unknown, but has been hypothesized 
as a salt acquisition strategy (Bänziger 2007; Zaspel et al. 2011). This strategy has been 
used in other species to increase their mating success by using the salt as a nuptial gift, 
(Adler 1982; Smedley and Eisner 1995), but this has not been tested experimentally 
within Calyptra. Although Calyptra species have been found on most continents, blood-
feeding Calyptra species seem to be restricted to South and Southeast Asia, and north 
into Far Eastern Russia (Bänziger 1989, 2007; Zaspel et al. 2007, 2014). Evidence 
suggests that there are differential feeding behaviors in at least three Calyptra species 
depending on geographic location, elevation, and perhaps climate variables (Bänziger 
1979; Zaspel et al. 2007, 2014). For example, Bänziger (1989) provided evidence that 
elevation affected the feeding behavior of C. fasciata (Moore) in Thailand. He found that 
at higher elevations (1000-1600m) it seemed to prefer human hosts, but at lower 
elevations (600m) it preferred other mammals, including Indian elephants and pigs. 
Another species, C. thalictri (Borkhausen) has been recorded feeding on soft-skinned 
fruits in southern Europe and Scandinavia but feeds on blood in the Russian Far East 
(Zaspel et al. 2007, 2014). Yet, it remains unclear what is driving these differences in 
feeding behavior.   
 Hematophagy has arisen independently multiple times within arthropods 
(Balashov 1984; Ribeiro 1995; Lehane 2005). The blood-sucking habit has been 
hypothesized to evolve from either prolonged close association with vertebrates or having 
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morphological pre-adaptation for piercing (Waage 1979; Lehane 2005). Lehane (2005) 
suggested insects that fed on dung, fungus, or other organic debris associated with the 
vertebrate would have encountered other types of animal debris (i.e., skin, hair, or 
feathers) and inadvertently ingested them, promoting “the selection of individuals 
possessing physiological systems capable of the effective use of this material” (Lehane 
2005). It has also been hypothesized that hematophagy evolved from entomophagous and 
plant-feeding insects that had morphologically adapted mouthparts for piercing substrates 
(Beklemishev 1957; Downes 1970; Waage 1979; Lehane 2005). An example of this shift 
from plant to vertebrate hosts has been hypothesized to occur in a genus of fruit piercing 
moths. The highly modified proboscis morphology of Calyptra is postulated to have pre-
adapted the genus for the transition to piercing vertebrate hosts (Bänziger 1970; Waage 
1979; Zaspel et al. 2011). Recent phylogenetic studies of Calpinae based on molecular 
data provided evidence that facultative hematophagy in Calyptra arose from plant-
associated feeding behaviors as opposed to animal-associated feeding behaviors (Zaspel 
et al. 2012). Although the evolutionary progressions of this lineage’s unique behavior 
have been documented, the underling genetic patterns behind host switching are unknown 
within Calyptra.  
 
1.2 Taxonomic History of Calyptra 
Historically, the classification of Calyptra was not well characterized, and would not be 
until the mid 1800’s when Duponchel (1827), Guenée (1852), and Moore (1884) 
provided important taxonomic details on the genus. Berio (1956) made the first attempt to 
revise the genus. In his revision, he recognized nine species and characterized features of 
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the male gentialia, antennae, and leg morphology (Berio 1956). He also described two 
new species (C. fletcheri and C. hoenei), synonymized four others, and transferred one 
species, C. canadensis, into the new genus Percalpe. Minor taxonomic changes to 
Calyptra continued to be made following Berio’s 1956 revision. For example, Sugi (1961) 
provided evidence for two synonymies; C. lata was shown to have priority over C. 
aureola (Graeser 1889) and C. hoenei (Berio 1956) was shown to be a junior synonym of 
the species C. hokkaida (Wileman 1922). Four additional new species were then 
described. Berio (1970) described C. labilis and Bänziger (1979) described C. nyei, C. 
parva, and C. pseudobicolor, respectively. 
 Bänziger (1983) provided a comprehensive examination of the genus, 
encompassing all species previously associated with Calyptra, including past synonyms 
of the genus (i.e., Calpe Treitschke and Hypocalpe Bulter), and closely related genera 
(i.e., Africalpe Krüger, Oraesia Guenée, Plusiodonta Guenée, and Percalpe Berio). His 
revision formally recognized 17 species after establishing and confirming five 
synonymies within the genus. One species, C. novaepommeraniae (Strand) was also re-
designated as a subspecies of C. minuticornis (Guenée) based on minor variation in male 
morphology and by the success of inbreeding experiments conducted with C. 
minuticornis and C. novaepommeraniae. He also provided a re-description for the genus, 
noting six important features that were seen as informative for Calyptra. These features 
included: “ i) a broadly rounded lobe at the basal half of the inner margin of the forewing, 
ii) a broad excision at the distal half of the inner margin, iii) the tornus being generally 
marked by a rounded excision, often ending in the shape of a sharp hook, iv) palpi 
elongated and protruding forward, v) forewing containing fine, vertically arranged, 
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whitish to brownish sinuating lines, and finally vi) a thin diagonal line running from the 
pointed apex to around the middle of the inner margin”. Along with these features, he 
noted that species of Calyptra tend to be medium sized moths, with a wingspan ranging 
from 36-72mm (Bänziger 1983). Most of the species’ forewing coloration ranges from a 
light grayish brown to a dark brown, and the hindwings vary from yellow to brown 
depending on the species. The overall pigmentation of the head and thorax are generally 
similar to the forewings, and the color of the abdomen most closely resembles the 
coloration of the hindwind. The antennae forms found in the genus include unidentate, 
bidentate, unipectinate, or bipectinate; these styles vary within species and between the 
sexes (Bänziger 1983). Although this is the most comprehensive study to date, female 
morphology was not examined, and type specimens of C. gruesa (Draudt), C. 
novaepommeraniae, C. ophideroides (Guenée), and C. thalictri (Borkhausen) were not 
studied. 
 Following the work of Bänziger (1983), Zaspel and Branham (2008) recognized 
18 species in their checklist of Calpini. The genus Percalpe was changed to a junior 
synonym of Calyptra. Previous authors excluded this taxon from Calyptra based 
primarily on its distribution, small size, and features of male genitalia (Berio 1956; 
Bänziger 1983). Zaspel et al. (2012) later demonstrated phylogenetic and molecular 
support for the inclusion of the species C. canadensis within the genus.  
 The placement of C. canadensis would again be discussed in Behounek et al. 
(2010) revision of Old World Oraesia. He suggested returning the species to the genus 
Percalpe and re-designating Percalpe to a subgenus of Calyptra. He based his discussion 
on the minor morphological differences described by Bänziger in his 1983 publication. 
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Along with this discussion a new combination for C. imperialis (Grünberg) was provided. 
The species C. imperialis was described in a new genus Wolframmeyia, based on 
differences in antennal type and the angle of the postmedian line on the forewing 
(Behounek et al. 2010). 
 
1.3 Chemosensory Systems in Insects 
Chemosensory systems, including olfactory and gustatory, play a key role in host 
recognition, reproduction, and survival while allowing for the detection and avoidance of 
a diverse range of host chemicals in insects (Hallen et al. 2006). There are at least seven 
gene families that have been involved with insect olfaction: chemosensory proteins 
(CSPs), odorant binding proteins (OBPs), odorant receptors (ORs), odorant degrading 
enzymes (ODEs), sensory neuron membrane proteins (SNMPs), gustatory receptors 
(GRs), and ionotropic receptors (IRs) (Grosse-Wilde et al. 2011; Leal 2013).  
Olfaction within insects’ initiates when sensilla present in the antenna and 
maxillary palps detect odor molecules from the environment (Zwiebel 2003). These 
olfactory sensilla contain multiple neurons that are surrounded by dendrites and cilia, 
which are engulfed by the lymph that fills the cavities of these sensilla (Steinbrecht 1999; 
Vogt 2003). The morphology and “odor-sensitive phenotypes” of sensilla are determined 
by the type of proteins that are expressed in them (Vogt 2003). The primary proteins 
involved in detection include ORs, OBPs, and ODEs. ORs are seven-transmembrane 
domain receptors that are in ciliated dendrites (Vogt 2003; Benton et al. 2006; Grosse-
Wilde et al. 2011). Odorant receptor neurons (ORNs) located within the sensilla, allow 
ORs to be expressed (Zwiebel 2003). When an odor enters the lumen of a sensillum, 
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OBPs and CSPs are hypothesized to bind and transport the odor molecule to the ORs 
(Vogt 2003; Gong et al. 2009; Grosse-Wilde et al. 2011). CSPs differ from OBPs in 
structure by having four cysteines rather than most OBPs that can be distinguished by a 
pattern of six cysteins (Vogt 2003; Grosse-Wilde et al. 2011).  
 Another group of olfactory proteins called sensory neuron membrane proteins 
(SNMPs) can also be found within insects. These proteins are antennal-specific and can 
be found in the membranes of the dendrites (Rogers et al. 2001; Vogt 2003). Other 
proteins that also play a role in odor detection are GRs and IRs. The importance for an 
insect to detect an odor is very high, but also the termination of this process is significant. 
ODEs are proteins that play an essential role by degrading the odor molecule (Vogt 2003). 
All of these proteins play a crucial role in the ability of insects to detect odors within their 
environment. In studying these gene families, a better understanding of the molecular 
underpinnings of unique or novel insect feeding behaviors can be obtained.  
 Studies examining the evolutionary relationships of these seven gene families 
have shed light on their key role in the diversification of chemical cues that insects are 
able to respond to. Missbach et al. (2014) reexamined the hypothesis that ORs and a 
coreceptor (Orco) are an adaption for terrestrial living. Their findings propose that ORs 
evolved in insects after the emergence of Archaeognatha and Zygentoma, which suggests 
“ORs did not arise as an adaptation to a terrestrial lifestyle” and appeared after the 
presence of Orcos. They also hypothesized that the evolution of ORs increased the range 
of chemical detection, along with the insect olfaction system’s ability to respond to odors 




Even more recent studies have focused on the genes involved in olfaction and 
gustation to better understand the underlying mechanisms of certain chemosensory based 
behaviors in insects (Shiao et al. 2015; Eyres et al. 2016). Shiao et al. (2015) examined 
the divergence of chemosensory genes in closely related Drosophila species; the results 
from this work provided evidence that the host shift of one of the species “was associated 
with the enrichment of differentially expressed, particularly upregulated, chemosensory 
genes”. Eyres et al. (2016) used a transcriptome-wide approach to investigate the 
expression levels of chemosensory genes in response to the environment and across pea 
aphid races. In their study, Eyres et al. (2016) found gene expression to be different 
between races of pea aphid and that races showed a difference in their transcriptomic 
response depending on the host plant they were reared on.  
 Recent progress in investigating the chemosensory systems in insects is not 
limited to plant feeding species. Similar studies are working on discerning the differences 
in expression patterns of blood fed female mosquitoes (Dana et al. 2005; Bonizzoni et al. 
2011). Dana et al. (2005) examined expression patterns between sugar-fed and blood-fed 
Anopheles gambiae Giles; the results from this study provided evidence for a total of 413 
unique differently expressed transcripts between blood-fed vs. sugar-fed individuals. 
Bonizzoni et al. (2011) explored blood-induced changes in gene expression of Aedes 
aegypti (Linnaeus) and demonstrated that transcripts are differentially expressed in 
individuals after taking a blood meal compared to individuals who were strictly sugar-
fed. Their analyses were conducted using a recently developed approach, known as RNA-
sequencing, which provides “a holistic picture of the expression profile of an organism” 
(Bonizzoni et al. 2011).   
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  Within Lepidoptera, studies have focused on discovering and confirming 
candidate chemosensory genes of economically important and agricultural pest species to 
help better understand olfaction-mediated behaviors. Some of the most influential studies 
on chemosensory systems within Lepidoptera have identified several chemosensory 
related proteins and receptors (i.e., GRs and ORs) (Wanner et al. 2007; Wanner and 
Robertson 2008). Wanner et al. (2007) identified 41 ORs genes from the silkworm 
Bombyx mori (Linnaeus) genome, doubling the number of OR sequences known for 
Lepidoptera at that time. Their analysis also suggested this gene family could be 
conserved within Lepidoptera lineages based on orthology assessment of ORs in B. mori 
and Heliothis virescens (Fabricius) (Krieger et al. 2002, 2004). Additional work 
examining the chemosensory system of B. mori annotated a total of 65 gustatory receptor 
(GRs) genes (Wanner and Robertson 2008). Prior to their work, only three other 
lepidopteran GRs had been identified from Heliothis virescens (Krieger et al. 2002). 
They used these data, along with 10 GRs from other insect groups to test for phylogenetic 
relationships (Wanner and Robertson 2008). Their findings suggest the GR gene family 
of silk worms is generally consistent with other insects, but differs in the expansion of a 
monophyletic clade of putative bitter receptors (Wanner and Robertson 2008). They 
proposed these putative receptors were involved with the detection of secondary plant 
chemicals and potentially “mediated food choice and avoidance as well as oviposition 
site preference” (Wanner and Robertson 2008).  
 Later studies identified several chemosensory proteins (i.e., IRs, ORs, CSPs, 
OBPs, etc.) in species such as Spodoptera littoralis (Boisduval), Cydia pomonella 
(Linnaeus), Helicoverpa armigera (Hübner), and Conogethes punctiferalis (Guenée) 
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(Olivier et al. 2011; Bengtsson et al. 2012; Lui et al. 2012; Xiao et al. 2016). Olivier et 
al. (2011) provided novel insights about Lepidoptera IR sequences and potential insights 
into how this gene family evolved in Spodoptera littoralis. Bengtsson et al. (2012) 
examined the antennal transcriptome of Cydia pomonella using next generation 
sequencing to “uncover new targets for behavior interference.” Their study was the first 
comprehensive chemosensory study conducted in family Tortricidae where they 
identified 43 candidate ORs, 1 GRs, 15 IRs, and 1 ionotropic glutamate receptor. The 
analysis of Lui et al. (2012) focused on the antennal transcriptome of cotton bollworm, 
Helicoverpa armigera, and identified putative candidate olfaction genes comprising 47 
ORs, 12 IRs, 26 OBPs, 12 CSPs, and 2 SNMPs. Lastly, the work of Xiao et al. (2016) 
discovered a total of 29 candidate OBPs and 59 ORs in the antennal transcriptome of the 
yellow peach moth, Conogethes punctiferalis. Furthermore, they provided annotations for 
10 CSPs and 19 IRs (Xiao et al. 2016). Despite all the recent progress in studies focusing 
on chemosensory systems within Lepidoptera, similar analyses in vampire moths have 
not yet been undertaken. 
 
1.4 Next Generation Sequencing of Calyptra 
The characterization of olfactory genes completed through genome-scale molecular 
investigation has advanced our understanding of olfactory signal pathways in multiple 
insect orders (Bonizzoni et al. 2011; Eyres et al. 2016). Although significant progress 
towards chemosensory gene analyses has been made, these studies were focused on 
insect model systems with available reference genomes (e.g., Apis mellifera Linnaeus 
(Forêt et al. 2007), Aedes aegypti (Linnaeus) (Nene et al. 2007), and Drosophila 
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melanogaster Meigen (Graham and Davies 2002; Hekmat-Scafe et al. 2002). Recent 
next-generation sequencing approaches have been successful in facilitating identification 
of olfactory genes in non-model species where an annotated genome may not be available 
(Bengtsson et al. 2012; Poivet et al. 2013; Zhang et al. 2015; Xiao et al. 2016). These 
technologies are based on randomly amplifying and using a shotgun sequencing approach 
(Fang and Cui 2011). One of the main advantages to this novel technology is its ability to 
produce enormous amounts of sequence data cheaply and more accurately, compared to 
other technologies, like Sanger sequencing (Metzker 2010).   
 Along with these advantages NGS has also provided a new methodology for 
mapping and quantifying transcriptomes, (the complete set of RNA transcripts produced 
by the genome) called RNA sequencing (RNA-seq) (Wang et al. 2009). This 
methodology enables multiple applications, including relative gene expression analyses, 
alternative splicing, discovery of novel transcripts and isoforms, RNA editing, allele 
specific expression, and the exploration of non-model organism’s transcriptomes (Wang 
et al. 2009; Fang and Cui 2011; Li and Dewey 2011; Andres et al. 2013).  
  This relatively novel technology can determine the location of transcription 
boundaries with high resolution, produce very low to no background signal, can reveal 
sequence variation in transcribed regions, and has a greater sensitivity for detecting gene 
expression (Wang et al. 2009). Although RNA-seq analyses are growing in popularity 
due to the many advantages, there are still some challenges associated with this type of 
data. Some of these include library construction, sequence coverage versus cost, and the 
availability and use of effective bioinformatics tools (Wang et al. 2009). Even with these 
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challenges, RNA-seq is providing a method for surveying entire transcriptomes in a 
“high-throughput and quantitative manner” (Wang et al. 2009).    
 Within the RNA-seq methodology, RNA is first isolated from a tissue of interest, 
purified, and fragmented at random positions. It is then converted into a library of 
complementary DNA (cDNA) fragments with adaptors, which are attached to one or both 
ends of the cDNA (Wang et al. 2009). After the library is constructed, the cDNA is 
sequenced using an available NGS platform (Wang et al. 2009; Auer and Doerge 2010). 
The NGS devices that are widely excepted for RNA-seq include the Illumina’s Genome 
Analyzer, Applied Biosystems’ (Foster City, CA) SOLiD, or the 454 Genome Sequencer 
FLX (Cloonan et al. 2008; Wang et al. 2009; Auer and Doerge 2010). In general, the 
RNA-seq methodology is similar across these different platforms (Auer and Doerge 
2010). Following sequencing, the raw RNA-seq reads are either aligned to a reference 
genome or reference transcripts, or via de novo assembly (Wang et al. 2009; Haas et al. 
2013).  
 The method for aligning reads to reference genomic sequences is seen as a 
standard approach for RNA-seq analyses for model organisms. However, different 
assembly versions can produce variable results and this method is not feasible for 
organisms that do not have a well-assembled genome (Haas et al. 2013). When a 
reference genome is not available for alignment de novo assembly is required. An 
example of a relatively novel platform that can be used to reconstruct transcripts is 
Trinity (Grabherr et al. 2011, 2013). The Trinity assembly pipeline consists of three 
software modules: Inchworm, Chrysalis, and Butterfly. Within the first module, 
Inchworm assembles reads into unique transcript contigs using a k nucleotide (k-mer) 
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based approach that recovers only a single or best representative for a set of alternative 
variants that share k-mers (Grabherr et al. 2013). Next, Chrysalis clusters related contigs 
into components based on alternatively spliced transcripts or closely related gene families. 
A de Bruijn graph is then produced for each cluster of related contigs and the reads are 
partitioned among those clusters (Andres et al. 2013; Grabherr et al. 2013). Finally, 
Butterfly reconstructs transcript sequences by analyzing the de Bruijn graphs produced in 
Chrysalis and resolves ambiguities (Grabherr et al. 2013). The reconstructed 
transcriptomes can then be used to identify differentially expressed genes by counting the 
number of back mapped reads and performing statistical analysis on the table of counts to 
discover changes in abundance of expression levels between and among groups (Anders 
et al. 2013).  
 Recent work by Zaspel et al. (unpublished) resulted in transcriptomes for five 
Calyptra species based on RNA from whole bodies extracts. Physical specimens were 
obtained via collecting trips to Far East Russia, Thailand, and Michigan, USA. 
Specimens were chosen to represent each feeding guild documented within Calyptra (i.e., 
fruit-piercing only versus a combination of fruit and skin piercing); and two or three 
replicates were used for each species, when available. A de novo assembly of RNA-seq 
data was completed using Trinity (Grabherr et al. 2011) at the Purdue University 
Genomics Core Facility. These data were obtained with the goal of screening for putative 
chemosensory genes, ultimately, to determine whether there is a differential pattern of 





1.5 Research Objectives 
Chapter 2. The primary goal of this chapter was to reassess the subspecies complex of C. 
minuticornis (Guenée) by elucidating patterns of morphological variation, adult feeding 
behavior, and geographic distribution. A morphological analysis of both male and female 
individuals from across the species range was completed to test the following hypotheses; 
H1: Morphological variation in the C. minuticornis complex is consistent with 
geographic location, H2: Morphological variation in the C. minuticornis subspecies 
complex is consistent with Bänziger’s (1983) classification scheme, and H3: Calyptra 
minuticornis minuticornis and C. minuticornis novaepommeraniae are distinct species 
based on morphological evidence. The results from this study provide clarity on the 
subspecies complex of C. minuticornis and produce the first distribution map for the 
species.  
 Chapter 3. Until recently, the biology and complete distribution of the only 
vampire moth species found in North America was unknown. Thus, the goal of this 
chapter was to characterize the life history traits of C. canadensis (Bethune) and provide 
baseline information for the species. A detailed life history dataset for this species was 
generated from rearing observations and a discussion of phenological patterns in the 
context of geographical distribution was completed using museum collection data to 
address the hypothesis that Calyptra canadensis’ activity period will be longer in regions 
of lower latitude. The results from this chapter provide novel notes on C. canadensis’ life 
history, document the first rearing attempts of this species, and generate a distribution 
map for the species.  
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 Chapter 4. The genus Calyptra is the only lepidopteran genus that contains 
species that are obligate fruit piercers and facultative blood feeders as adults. The 
underlying genetic mechanisms behind this unique feeding strategy are unknown within 
the group. Thus, a differential gene expression analysis focusing on chemosensory gene 
families was completed. The goal of this chapter was to investigate whether there is a 
differential pattern of chemosensory gene expression between blood and non blood-
feeding Calyptra species within a group of candidate genes. The results from this study 
provide the first preliminary survey of chemosensory genes within the vampire moth 






CHAPTER 2. EVIDENCE FOR THE DISSOLUTION OF THE CALYPTRA 
MINUTICORNIS NOVAEPOMMERANIAE (STRAND) AND C. MINUTICORNIS 





2.1 Abstract  
The validity and recognition of the subspecies complex of Calyptra minuticornis (Guenée) 
has been a topic of disagreement among authors. At present C. minuticornis is divided 
into two subspecies: C. minuticornis novaepommeraniae (Strand) and C. minuticornis 
minuticornis (Guenée) based on minor morphological differences, geographic 
distribution, and differential feeding behaviors in the adults. This taxonomic designation 
was accomplished without viewing the holotype specimen of C. novaepommeraniae and 
was limited to examination of males only. In this study, 455 museum specimens were 
examined, including the holotype specimens for C. novaepommerania and C. 
minuticornis. A georeferenced dataset was generated and used to produce a 
comprehensive distribution map for C. minuticornis. In addition, morphological 
characters of male and female specimens spanning the entire geographic range were 
examined to investigate the subspecies designation. A permutational multivariate analysis 
of variance provided some statistical evidence for minor differences between the male 
genitalic morphology of C. minuticornis minuticornis and C. minuticornis 
novaepommeraniae. However, the overall variation documented in the morphological 
characters of both males and females was minor and only one male character was shown 
to be related to geographical location. Additionally, the maximum parsimony analysis of 
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the C. minuticornis complex resulted in a polytomy and did not represent natural 
groupings for the current subspecies designations. From these results, it can be concluded 




The vampire moth genus, Calyptra Ochsenheimer, is well known for the distinctive 
behaviors of its members, which are obligate fruit piercers and facultative blood feeders 
as adults. These moths are considered to be medium sized (i.e., wingspan ranging from 
36-72 mm) and tend to be light greyish brown to dark brown in coloration, with a few 
species exhibiting a yellow pigmentation in their hindwings (Bänziger 1983). 
Taxonomically, the genus has been relatively consistent among authors; however, C. 
canadensis (Bethune) (sensu Bänziger 1983; Behounek et al. 2010), C. imperialis 
(Grünberg) (Behounek et al. 2010) and C. minuticornis (Guenée) (Berio 1956; sensu 
Bänziger 1983; Common 1990) have undergone numerous revisions.  
 The species C. minuticornis is distributed throughout the Indomalayan and 
Australasian ecozones. It is postulated that the species dispersed from Southeast (SE) 
Asia to Australia via “Wallacea”, the islands of modern-day Indonesia and Papua New 
Guinea which formed a series of large land masses separated by narrow straights during 
the ice age glacial maxima (Lohman et al. 2011). Calyptra minuticornis populations in 
SE Asia have been observed piercing fruits, such as mandarins, peaches, plums and figs 
(Bänziger 1986, 2007), and also vertebrate hosts under natural and experiment conditions 
(Bänziger 1986, 1989). Individuals that occur in the Australasian region have been 
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observed piercing fruit under experimental conditions; they have never been observed 
feeding on vertebrate hosts (Bänziger 1986).   
 Bänziger (1983) divided C. minuticornis into two subspecies: C. minuticornis 
novaepommeraniae (Strand) (Fig.2.1) and C. minuticornis minuticornis (Guenée) (Fig. 
2.2). These subspecies assignments were based on geographic location, minor 
morphological differences in the male genitalia, and wing venation (Bänziger 1983). 
Historically, there was disagreement among authors regarding validity and recognition of 
this C. minuticornis subspecies designation (Strand 1917; Berio 1956; Common 1990), 
with preliminary data suggesting inconsistencies in those characters (Snyder preliminary 
data). In Bänziger’s revision of genus Calyptra (1983), he described his examination of 
the C. minuticornis holotype, which was deposited at the NHM in London. He also noted 
that the holotype specimen for C. novaepommeraniae was unknown; yet he did not 
designate a neotype for this species. Bänziger’s examination of C. minuticornis and C. 
novaepommeraniae only included male specimens from Indonesia, Malaysia, Thailand, 
Australia, Papua New Guinea, Rook Island, and New Ireland. Female specimens were not 
treated in this study and the male specimens that were examined did not represent the 
whole range of C. minuticornis and C. novaepommeraniae.  
 In this study, museum specimens of C. minuticornis from 13 collections were 
georeferenced to generate a distribution map of the species. In addition, both male and 
female specimens from across the species range were dissected and examined for 
morphological variation within an empirical framework to investigate the subspecies 
designation. In order to confirm whether C. minuticornis novaepommeraniae and C. 
minuticornis minuticornis represent distinct subspecies based on morphological and 
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geographical data permutational multivariate analyses of variance were completed and 
phylogenetic relationships between the subspecies were tested with parsimony analyses.  
 
2.3 Materials and Methods 
2.3.1 Taxon Sampling 
A total of 455 pinned individuals of C. minuticornis were examined and twenty-two of 
those specimens were dissected. Out of the specimens that were dissected, nine females 
and thirteen males were observed. Thirty-three previously mounted genitalia slides of 
males and females were also examined from the Natural History Museum and the United 
States National Museum of Natural History (Table 2.1).  A total of 13 institutional and 
private collections were consulted during this study. Institutions and private individuals 
that contributed locality data without the study of physical specimens are denoted by a “*” 
after the full collection name.  
AMS   Australian Museum (Sydney, AU) 
ANIC   Australian National Insect Collection, (Canberra, AU) 
BPBM  Bernice Pauahi Bishop Museum (Honolulu, HI) 
FLMNH  Florida Museum of Natural History (Gainesville, FL) 
FMNH  Field Museum of Natural History (Chicago, IL) 
MF   Personal Collection of Michael Fibiger (Sorø, DK) 
MHNG Natural History Museum of Geneva (Genève, CH)* 
NHM   Natural History Museum (London, GB) 
NMVM National Museum of Victoria (Melbourne, AU)* 
  
20 
PERC   Purdue Entomological Research Collection (West Lafayette, IN) 
SDEI   Senckenberg German Entomological Institute (Müncheberg, DE)  
TFRI  Taiwan Forestry Research Institute (Taipei City, TW) 
USNMNH United States National Museum of Natural History (Washington D.C.) 
 
2.3.2 Distribution Mapping 
A comprehensive distribution map of C. minuticornis was completed using locality data 
from physical museum specimens and online databases (e.g., Atlas of Living Australia). 
These data were georeferenced using Google Earth and GEOLocate v3.2.2 (Rios and Bart 
2010) was implemented to calculate uncertainty values of all documented GPS 
coordinates. Duplicate data points were removed because their presence on the map 
provided no additional information. The remaining georeferenced locality coordinates 
were mapped using Quantum GIS v1.8.0 Lisboa (QGIS Development Team, 2013).  
 
2.3.3 Morphological Data 
Methodology for dissections follows Winter (2000) and is fully explained in Zaspel and 
Weller (2006) and Zaspel (2008).  In this study, wings were cleared with a 10% bleach 
solution, stained with aqueous Eosin Y (1% in distilled water; Fisher Scientific, 
Pittsburgh, PA) and slide-mounted to determine potential variation in wing venation. 
Abdominal pelts, genitalia, legs, wings, labial palps, and antennae were permanently slide 
mounted using Euparol (Bioquip, Garden City, CA).  Slides were placed on trays and 
cured for 24 – 48 hours on a slide warmer set at 40ºC. After the slides had cured, labels 
were generated based on guidelines provided by loaned museum and placed on the slides. 
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Morphological terminology follows Bänziger (1983), Klots (1970), Scoble (1995), 
Goater et al. (2003), Zaspel (2008), and Zaspel et al. (2011).  
 
2.3.4 Characters Examined and Imaging 
Morphological characters examined for specimens in the C. minuticornis complex were 
selected based on previous studies (Common 1990; Zaspel 2008) and original species 
descriptions (Boisduval and Guenée 1852; Strand 1917; Berio 1956; Bänziger 1983) 
including characters from the head, appendages, and genitalia (Boisduval and Guenée 
1852; Strand 1917; Berio 1956; Bänziger 1983). Previous revisionary works on Calyptra 
were limited to male specimens (Berio 1956; Bänziger 1983); thus, female morphology 
for C. minuticornis was examined and figured here. Wing coloration was examined for 
five male and female specimens using a Jaz Spectrometer system (Ocean Optics, USA). 
A total of thirty-two characters were examined. Of the thirty-two characters examined, 
twenty-six were treated as binary and six were treated as unordered and multistate for a 
total of sixty-six character states coded (Appendix A). Inapplicable character states were 
coded as (-) and missing data as (?) (Strong and Lipscomb 1999). The final 
morphological data matrix included fifty-eight taxa, consisting of thirteen male and 
female pairs, and an additional thirty-two specimens (thirty males and two females). The 
comprehensive data matrix was used to test the hypothesis that morphology of the C. 
minuticornis subspecies complex is consistent with geographic location. High-resolution 
images of character states were taken using a Leica DFC450 camera mounted onto a 
M165C stereomicroscope and measured using the Leica Application Suite version 4.2.0 
(Leica Microsystems, USA) and are figured in the Results. 
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2.3.5 Phylogenetic Analysis 
To test for phylogenetic relationships between C. minuticornis novaepommeraniae and C. 
minuticornis minuticornis parsimony analyses were conducted. A subset of the overall 
taxon sampling was used to perform the phylogenetic analyses, consisting of fifty-six 
ingroup taxa and four outgroup taxa. Outgroup taxa were selected based on a previous 
revision of Calyptra (Bänziger 1983) and the results of Zaspel (2008) and Zaspel et al. 
(2012). The following species were included: Oraesia emarginata (Fabricius) and C. 
fasciata (Moore). Phylogenetic trees of the morphological data set were constructed using 
parsimony analyses implemented in TNT v1.1 (Goloboff et al. 2008). Branch support for 
morphological data was calculated using jackknife resampling with 10,000 replicates 
(Farris et al. 1996; Audisio et al. 2015). Visual editing of the resulting tree file was done 
using FigTree v1.4.2 (Rambaut et al. 2008).  
 
2.3.6 Permutational Multivariate Analysis of Variance 
To test the hypothesis that morphological variation in the C. minuticornis subspecies 
complex is consistent with Bänziger’s (1983) classification scheme a permutational 
multivariate analysis of variance of a dissimilarity matrix was completed. The 
morphological data set of variable characters from the male genitalia was modified to 
generate a Gower’s dissimilarly matrix using the daisy package in RStudio v.0.99.879 
(Kaufman and Rousseeuw 1990; RStudio Team 2016). The modification was due to 
limiting the dataset to ingroup taxa comparisons only and removal of one character with 
absent data in most ingroup taxa. Multidimensional scaling (MDS) was implemented in 
RStudio v0.99.879 using the dissimilarly matrix to visualize the level of similarity 
  
23 
between individuals. Unique species identifiers based on Bänziger’s (1983) revision were 
implemented and individuals that did not match his descriptions were grouped as 
intermediates. To demonstrate the statistical relationship between the groupings 
represented in the MDS plot a permutational multivariate analysis of variance of the 
dissimilarity matrix using the Gower method was performed in the vegan package 
(Oksanen et al. 2013) in RStudio v0.99.879 (RStudio Team 2016). A beta dispersion 
analysis was completed to test for difference of variance within the groups. To test 
whether morphological variation in the C. minuticornis complex is consistent with 
geographic location, additional identifiers based on geography (i.e., East of Wallace’s 





Locality data for C. minuticornis was gathered from institutions and online databases 
resulting in the most comprehensive range map for this species to date (Fig. 2.3).  Black 
points denote individual adult specimen records. The breadth of the species’ range begins 
in the western coast of India and extends east to Japan persisting as far south as Australia. 
Calyptra minuticornis was documented in sixteen countries including; Australia, Bhutan, 
China, India, Indonesia, Japan, Malaysia, Myanmar, Nepal, Papua New Guinea, 
Philippines, Solomon Islands, Sri Lanka, Taiwan, Thailand, and Timor-Leste. These 
records confirm C. minuticornis is present in the Indomalayan and Australasian ecozones 
  
24 
and provides evidence for the likelihood of the dispersal of this species from Southeast 
(SE) Asia to Australia via “Wallacea”.  
 
2.4.2 Morphological Characters Examined 
In general, the morphological data matrix of the subspecies complex showed minimum 
differences in male and female genitalia characteristics throughout the species 
distribution (Appendix B). The minor variation present in the male genitalia included 
differences in the aedeagus (Fig. 2.14) (i.e., presence or absence of cornuti on the inside 
or outside of the curvature), and in the shape of the juxta (Fig. 2.10). However, these 
characters were not all consistent with geographic location. Among females, the 
characters that were examined showed little to no difference across all observed museum 
specimens. The presence or absence of the appendix bursae varied among some 
individuals, but was not consist with geographic location. Characters including antennae, 
labial palps, proboscis, leg structures, and wing venation showed no variation between 
subspecies for males or females of C. minuticornis. The examination of the holotype 
specimens for C. minuticornis and C. novaepommeraniae provided no additional 
information for comparison due to the fact that the type for C. novaepommeraniae was 
female. All morphological characters for the C. minuticornis subspecies complex and 
their states are described and references to their images are listed below. 
 
Head 
1. Male Antenna: Flagellomere shape (Fig. 2.4a), no difference was observed. 
2. Female Antenna: Flagellomere shape (Fig. 2.4b), no difference was observed. 
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3. Proboscis: Tearing hooks in the apical region of the proboscis (Fig. 2.5), no difference 
was observed. 
4. Proboscis: Erectile barbs occurring along the lateral and ventral margin of the 
proboscis (Fig. 2.5), no difference was observed. 
5. Proboscis: Apex of proboscis sclerotizatized forming a sharp point (Fig. 2.5), no 
difference was observed. 
6. Labial Palp: Size of first segment of the labial palp (Fig. 2.6), no difference was 
observed. 
7. Labial Palp: Size of second segment of the labial palp (Fig. 2.6), no difference was 
observed. 
8. Labial Palp: Size of third segment of the labial palp (Fig. 2.6), no difference was 
observed. 
Thorax 
9. Prothoracic leg: Epiphysis occurring on tibia (Fig. 2.7a), no difference was observed. 
10. Mesothoracic leg: One pair of spurs occurring on apical half of the tibia (Fig. 2.7b), 
no difference was observed. 
11. Metathoracic leg: Two pairs of spurs occurring on apical half of the tibia (Fig. 2.7c), 
no difference was observed. 
12. Forewing: Radial venation (Fig. 2.8a), no difference was observed. 
13. Hindwing: Radial venation (Fig. 2.8b), no difference was observed. 
Male Abdomen 
14. Genital capsule: Shape of the saccus (Fig. 2.9), no difference was observed. 
15. Genital capsule: Sclerotization of saccus (Fig. 2.9), no difference was observed. 
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16. Genital capsule: Shape of sacculus (Fig. 2.9), no difference was observed. 
17. Genital capsule: Process of the sacculus (Fig. 2.9), no difference was observed. 
18. Genital capsule: Shape of the apex of the sacculus (Fig. 2.9), no difference was 
observed. 
19. Genital capsule: Processi of juxta shape round. 0) absent (Fig. 2.10c); 1) present (Fig. 
2.10a, b). 
20. Genital capsule: Size of processi (from middle of process). 0) higher than wide or 
subequal (Fig. 2.10a, c); 1) wider than high (Fig. 2.10b). 
21. Genital capsule: Size of juxa (including processi, using widest and highest part as 
reference). 0) higher than wide or subequal (Fig. 2.10a); 1) wider than high (Fig. 2.10b, 
c). 
22. Genital capsule: Shape of the uncus. 0) greatly expanding before narrowing at 
terminus, without prominent hook (Fig. 2.11a); 1) broadly uniform before narrowing at 
terminus, with prominent (Fig. 2.11b). 
23. Aedeagus: Orientation. (Fig. 2.12), no difference was observed. 
24. Aedeagus: Vesica lobes. 0) absent; 1) present (Fig. 2.12). 
25. Aedeagus: Ornamentation of vesica lobes (Fig. 2.12), no difference was observed. 
26. Aedeagus: Cornuti occurring on the inner margin of the curvature. 0) absent; 1) 
present (Fig. 2.13a). 
27. Aedeagus: Cornuti occurring on the outside of the curvature. 0) absent; 1) present 
(Fig. 2.13b). 
Female Abdomen 
28. Genitalia: Shape of the ductus bursae (Fig. 2.14), no difference was observed. 
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29. Genitalia: Shape of the corpus bursae (Fig. 2.14), no difference was observed. 
30. Genitalia: Surface condition of the corpus bursae (Fig. 2.14), no difference was 
observed. 
31. Genitalia: Signa of the corpus bursae (Fig. 2.14), no difference was observed. 
32. Genitalia: Appendix bursae. 0) absent; 1) present (Fig 2.14).  
33. Genitalia: Shape of appendix bursae (Fig. 2.14), no difference was observed. 
34. Genitalia: Shape of the papilla analis (Fig. 2.14), no difference was observed. 
 
2.4.3 Re-description 
The morphological characters examined in both males and females showed minor to no 
consistent differences across the distribution of the C. minuticornis’ subspecies complex. 
The results on the morphology provide evidence that the characters used in Bänziger’s 
subspecies descriptions are not all consistent thus, a re-description is provided below. 
 
Calyptra minuticornis (Guenée), 1852 
Calpe minuticornis Guenée, 1852 [type locality: Indonesia] 
Calpe novaepommeraniae Strand, 1918 [type locality: Papua New Guinea] 
Calyptra minuticornis ssp. minuticornis (Guenée) N. stat., Bänziger 1983 
Calyptra minuticornis ssp. novaepommeraniae (Strand) N. stat., Bänziger 1983 
 
 Description: Male habitus (Fig. 2.15a): Head brown throughout. Antennal scales 
and surface matching the coloration of the head. Labial palps exceeding front of the head 
and brown in coloration. Thorax dorsal surface brown, ventral scales being lighter in 
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color. Legs brown. Forewing length 20 mm (n= 10); dorsal surface ranging from brown 
to golden brown with the presence of a diagonal line the length of the wing ending in-
between the lobe and hook that are at the base of the wing, ventral surface light golden 
brown with dark outer margin. Hindwing length 15 mm (n= 10); dorsal surface light 
golden brown fading towards the terminal ends, ventral surface light golden brown. 
Abdomen with dorsal and lateral abdominal scales brown to dark brown.  
 Female habitus (Fig. 2.15b): Head color and antennal color same as in male. 
Labial palps exceeding front of the head and brown in coloration like the males. Thorax 
and legs dorsal and ventral scales the same as the male. Forewing length 18 mm (n= 10); 
dorsal and ventral surface same as the male. Hindwing length 15 mm (n= 10); dorsal 
surface and ventral surface same as the male. Abdomen with dorsal and lateral abdominal 
scales same as the male. 
 Male genitalia (Fig. 2.9-2.13): Aedeagus L-shaped with a row or patch of cornuti 
on the inner and outer surface of the curvature. Vesica directed ventrally, lobed with 
cornuti present throughout. Uncus broadly uniform before narrowing at terminus, hook 
prominent. Juxta with round processi. Sacculus elongate with small, tooth-like process 
present, apex of sacculus is forked. Saccus triangular with sclerotization not contiguous. 
Female genitalia (Fig. 2.14): Ductus bursa long, thin (tube-like), wider near connection to 
corpus bursae. Corpus bursa long, thin, bulging towards terminus, membrane wrinkled. 
 Variation: Multiple specimens were observed to have darker shading present on 
the ventral scales of the forewings, with the hindwing scales being uniformly lighter in 
coloration while having shading present on the edge. The presence of cornuti is always 
seen on the inside of the curvature of the aedeagus, but some individuals are observed 
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missing the row or patch on the outer side of the curvature (Fig. 2.13). The uncus shape 
of most specimens was observed to be broadly uniform before narrowing at the terminus 
with a prominent hook, but a few specimens were observed to have an uncus that greatly 
expanded before narrowing at the terminus without a prominent hook (Fig. 2.11). 
Individuals examined from Australia, Papua New Guinea, and Indonesia were observed 
to have juxta processi that were rectangular or rhomboid in shape (Fig. 2.10). Females 
examined showed limited variation, with only some females having the presence of an 
accessory bursae, commonly females were found to not have the presence of an accessory 
bursae.  
 Biology: This species’ larval host plants include Cissampelos, Cocculus, Cyclea, 
and Stephania from the family Memispermaceae (Moore 1884; Common 1990; Robinson 
et al. 2001; Holloway 2005). The larva of C. minuticornis is olive grey in coloration, with 
a “subdorsal series of black-bordered yellow spots, and a sublateral series of specks 
enclosed from 4th somite by a pinkish-border black line; head ochreous yellow, with 
paired lateral black spots; legs pale pink” (Hampson 1894). 
 Material Examined: Type material: Holotype of C. minuticornis Guenée: 6015 
E.I.C., BMNH(E) 1377949, Noctuidae Brit. Mus. Slide No. 9917, Male, NHM, London; 
Holotype of C. novaepommeraniae Strand: Rabaul, N. Pomm., Strand det. Calyptra 
novaepommeraniae, DEI Müncheberg Lep – 00364, Female, SDEI. All the material is 
from the NHM, London unless otherwise noted. Male material: Neihu, Taipei City, 
Taiwan, Y. J. Chang, 2/7/1985, TFRI (1 Male, JS030); Shanping, Chinese Taipei, Taiwan, 
Y.B. Fan, 11/5/1991, TFRI (1 Male, JS032); Keatings Gap 3km SW of Cooktown, 
Queensland, Australia, I.F.B. Common and E.D. Edwards, 5/16/1977, ANIC (1 Male, 
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JS034); Cooks Hut, Iron Range, Queensland, Australia, J.C. Cardale, 7/7/1998, ANIC (1 
Male, JMZ526); 11-12 Combined St Windham, New South Wales, Australia, J. Stockard, 
5/23/1990, ANIC (1 Male, JS033); Wau, Morobe Distr., New Guinea, 1200m, 3/30/1965, 
BPBM (1 Male, JS035); Assam, India, Genitalia slide by SAB USNM 42.319, Male; Kan. 
Dist. Udawattakele, Sri Lanka, S. and P. B. Karunaratne, March 26-30, 1975, USMNH (1 
Male, JS037); Mt. Makiling Luzon, Philippines, Baker, Genitalia slide by SAB USNM 
42.317, Male; Mae Sa, Mae Rim, 400m, Chiang Mai Prov., Thailand, Hans Bänziger, 
6/20/1982, Bänziger Material, (1 Male, JS041); Madinna Springs Farm, Pa Pae Village, 
1500m, Chiang Mai Prov., Thailand, Zaspel, Cummins, Konoenko, June 8-20, 2013, 
PERC (2 Males, JS006 and JS039); B. Richardson’s Place, 3 Mason Rd. Kuranda, 
Australia, August 30, 2014, Col. Buck Richardson, PERC (2 Male, JS042 and JS043); 
Japan, Rothschild Bequest B.M. 1939-I, Genitalia slide by J. Zaspel NHM#21831, Male; 
Nr. Oetakwa R. Snow Mts., Dutch N.G., up to 3500ft,. x.xii 1910, (Meek), Rothschild 
Bequest B.M. 1939-I, Genitalia slide by J. Zaspel NHM# 21833, Male; n. Queensland, 
Rothschild Bequest B.M. 1939-I, BMNH(E) 1720889, Genitalia slide by J. Zaspel NHM# 
21836, Male; Hong-kong, E. Wahr, Rothschild Bequest B.M. 1939-1, BMNH(E) 
1378007, Noctuidae Brit. Mus. Slide No.9938, Male; Rook Island, A.S. Meek, July. 1913, 
Rothschild Bequest B.M. 1939-1, BMNH(E) 1720881, Noctuidae Brit. Mus. Slide No. 
9939, Male; Kuranda, N. Cairns, F.P. Dodd, Rothschild Bequest B.M. 1939-1., BMNH(E) 
1377953, Noctuidae BMNH(E) Slide No. 9940, Male; Ninay Valley, Central Arfak Mts., 
3500 ft, Dutch New Guinea, Nov. 08 to Jan. 09, Rothschild Bequest B.M. 1939-1, 
BMNH(E) 1720911, Noctuidae Brit. Mus. Slide No. 10061, Male; Bombay, 64, 
BMNH(E) 1378015, Noctuidae Brit. Mus. Slide No. 10062, Male; Kanschirei, Formosa, 
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June. 1. 1908, A.E. Wileman, Rothschild Bequest B.M. 1939-1., BMNH(E) 1378003, 
Noctuidae Brit. Mus. Slide No.10063, Male; Mt. Marapok, Brit. N. Borneo, Dent 
Province, Rothschild Bequest B.M.1939-1., BMNH(E) 1377918, Noctuidae Brit. Mus. 
Slide No.10542, Male; Mt. Marapok, Brit. N. Borneo, Dent Province, Rothschild Bequest 
B.M.1939-1., BMNH(E) 1377919, Noctuidae Brit. Mus. Slide No.10543, Male; Sula 
Mangoli, W. Doherty, Oct. 97, Rothschild Bequest B.M. 1939-1., BMNH(E) 1377958, 
Noctuidae BMNH(E) Slide No. 10544, Male; Pangean, near Maros, 2000 ft., S.W. 
Celebes, March. 1938, J.P.A Kalis, B.M. 1939.613., BMNH(E) 1377960, Noctuidae 
BMNH(E) Slide No. 10545, Male; Mt. Marapok, Brit. N. Borneo, Rothschild Bequest 
B.M. 1939-1, BMNH(E) 1720910, Noctuidae Brit. Mus. Slide No. 10572, Male; Tenom, 
Brit. N. Borneo, Dent Province, E. Wahr, Rothschild Bequest B.M. 1939-1, BMNH(E) 
1720909, Noctuidae Brit. Mus. Slide No. 10573, Male; G. Rangkoenau, Paloe, 900 ft, W. 
Celebes, Nov. 1936, J.P.A Kalis, Rothschild Bequest B.M. 1939-1, BMNH(E) 1720908, 
Noctuidae Brit. Mus. Slide No.10574, Male; Portugese, Timor, Dilli, May.1892, W. 
Doherty, Rothschild Bequest B.M. 1939-1., BMNH(E) 1377957, Noctuidae BMNH(E) 
Slide No. 10575, Male; Seleyer, Somarisi, 1660 ft., December. 1938, J.P.A Kalis, B.M. 
1939.613., Salajar, S. Celebes, BMNH(E) 1377959, Noctuidae BMNH(E) Slide No. 
10576, Male; Seleyer, Somarisi, 1660 ft., December. 1938, J.P.A Kalis, B.M. 1939.613., 
BMNH(E) 1377965, Noctuidae BMNH(E) Slide No. 9758, Male; Darjiling, Grote, E. 
Berio Prepar. 1673, BMNH(E) 1377971, Agrotidar genitalia slide No.1538, Male; 
Fergusson Island, , x.94, A.S. Meek, E. Berio prepar. N. 1674, BMNH(E) 1720912, 
Agrotidae genitalia slide No. 1539, Male; Kandy, 7.02, E. Berio Prepar. 1675, Mackwood 
Coll. B.M. 1927-341., BMNH(E) 1378019, Agrotidar genitalia slide No.1540, Male; 
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Gampola, 7.97, E.Berio Prepar.1676, Mackwood Coll. B.M.1927-341., BMNH(E) 
1378014, Agrotidae genitalia slide No.1541, Male; Brisbane, Turner, E. Berio prepar. 
1677, BMNH(E) 1377954, Agrotidae genitalia slide No. 1542, Male; Kuranda, N. 
Queensland, 1100 ft., May 3-June 20.1913, R.E. Turner. 1913-438., E Berio prepar.1678, 
BMNH(E) 1377950, Agrotidar genitalia slide No.1543, Male; Female material: Wulai 
Taipei Co, Taiwan, Y.B. Fan, 4/28/1987, TFRI (1 Female, JS031); Chaofeng, Chinese 
Taipei, Taiwan, Y.B. Fan, 2/17/1994, TFRI (1 Female, JS029); Peipu, Chinese Taipei, 
Taiwan, S. S. Lu, 3/16/1994, TFRI (1 Female, JS028); Shanping, Chinese Taipei, Taiwan, 
Y.B. Fan, 2/21/1989, TFRI (1 Female, JS027); Southport, Queensland, Australia, 
5/30/1940, ANIC (1 Female, JMZ 524);Mt. Keira, New South Wales, Australia, V.J. 
Robinson, 2/22/1965, ANIC (1 Female, JMZ525); Smith Point, Cobourg Pen., Northern 
Territory, Australia, E.D. Edwards, 1/23/1977, ANIC (1 Female,  JMZ527); J. Sedlacek, 
BPBM (1 Female, JS036); Wang Ta Khrai, 200-500m, Nakhorn Nayok Prov., Thailand, 
Hans Bänziger, 4/11/1975, Bänziger Material, (1 Female, JS040); Kathmandu, 1300m, 
Nepal, M. Fibiger, October 4-6, 1980, PERC (1 Female, JS038); Seleyer, 1660ft., 
December 1938, J.P.A. Kalis, B.M. 1939-613, Genitalia slide by J. Zaspel NHM# 21829 
and NHM# 21835, 2 Females; Mt.Geden, W. Java, 2500’, 1934, J.P.A. Kalis, Rothschild 
Bequest B.M. 1939-I, Genitalia slide by J. Zaspel NHM# 21830, Female; Damiper Isl., 







2.4.4 Phylogenetic Analysis 
The phylogenetic analysis resulted in fifty-three most parsimonious trees (MPTs) with a 
tree length of twenty-nine steps. A strict consensus tree of the fifty-three MPTs collapsed 
all internal nodes (Fig. 2.16). A polytomy of the ingroup taxa was supported with a 
jackknife value of eighty (Fig. 2.17). 
 
2.4.5 Permutational Multivariate Analysis of Variance of Morphological Data 
The multidimensional scaling plot (MDS) analysis showed male specimens with similar 
morphological character states clustering together. Specimens described as C. 
minuticornis minuticornis were shown to be grouping with the intermediate individuals 
(individuals that did not match either of Bänziger’s (1983) descriptions) and specimens of 
C. minuticornis novaepommeraniae were also gathering together (Fig. 2.18). The 
permutational multivariate analysis of variance of the dissimilarity matrix provided 
significant support for a difference between the three species groupings (F2, 38 = 69.01; 
R2value = 0.784, p-value<0.001) and 78% of the sums of squares can be explained by the 
species designation of “species”. The beta dispersion analysis of the three grouping was 
completed to delineate the difference in variance between C. minuticornis minuticornis, 
C. minuticornis novaepommeraniae, and the intermediate individuals (Fig. 2.19). The 
results provided support for no difference in variances between the C. minuticornis 
minuticornis cluster, the intermediates cluster, or the C. minuticornis novaepommeraniae 
clusters (b-a: p-value = 0.797, c-b: p-value = 0.489, c-a: p-value = 0.221). These analyses 
were conducted again using different identifiers based on geography (i.e., East and West 
of Wallace’s Line) similar results were found in the MDS analysis (Fig. 2.20). The 
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analysis provided significant support for a difference between the two geography 
groupings (F1, 39 = 23.98; R2value = 0.381, p-value<0.001) and 38% of the sums of 
squares were explained by the species designation of “geography.” The beta dispersion 
analysis of the geography grouping was completed to delineate the difference in variance 
(Fig. 2.21). These results provided support for no difference in variances between the 
East and West of Wallace’s Line clusters (b-a: p-value = 0.145). 
 
2.5 Discussion 
The results from this study provide some statistical evidence for minor differences 
between the male genitalic morphology of C. minuticornis minuticornis and C. 
minuticornis novaepommeraniae. Characters associated with the juxta morphology were 
shown to relate to geographical distribution. When examining the juxta of the male 
genitalia a distinct separation is observed within its morphology. Rounded processi were 
found throughout Asia and Indonesia and more rectangular processi were present starting 
in Indonesia and continuing south to Australia. The cornuti on the aedeagus however, 
were not consistent with geographic location. Specimens were seen to have cornuti 
present on both the inner and outer side of the curvature of the aedeagus, along with 
either having the cornuti present on the inner or outer side throughout the species 
distribution. All other characters examined, both in males and females, did not show any 
consistent differences. Bänziger’s (1983) descriptions described the presence or absence 
of a “brownish orange area of raised hairs” on the underside of the hindwing. Visual 
inspection along with the use of a Jaz Spectrometer system found no evidence for the 
presence of such hairs. These initial results on the morphology of the subspecies complex 
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provide evidence that the characters used in Bänziger’s subspecies descriptions are not 
consistent.  
 Although a statistically significant difference was found between male genitalic 
morphology and the current subspecies designations, this difference does not provide 
enough support for the current taxonomic designation of subspecies or elevation to the 
status of a full species at this time due to the presence of “intermediate” specimens. These 
specimens were shown to have characters attributed to both subspecies and could not be 
placed under the current taxonomic designations.  
For this study, I applied an integrative species concept approach, by using the 
biological species concept (Mayr 1942, 2000), in conjunction with the phylogenetic 
species concept sensu Mishler and Theriot (2000) and Schwentner et al. (2011). The 
biological species concept defines a species as members of a population that are able to 
interbreed in nature and the phylogenetic species concept defines a species as “the least 
inclusive taxon recognized in a formal phylogenetic classification.” An integrative 
approach was applied because a combination of morphological and ecological data was 
used (Dayrat 2005).   
 Based on our maximum parsimony (MP) analysis of morphological data for the C. 
minuticornis complex, the current subspecies designations do not reflect natural groups, 
and show little to no support for subspecies representing distinct geographic populations. 
From these results, we can hypothesize that the two subspecies are a single species using 
the phylogenetic species concept. From the morphological examination of C. 
minuticornis only one character was discovered to be associated with geographic location, 
with the extremes of that character mixing in “Wallacea”.  Bänziger (1983) documents 
  
36 
successful attempts made in breeding C. minuticornis minuticornis and C. minuticornis 
novaepommeraniae that resulted in fertile intermediates. The evidence of interbreeding 
between C. minuticornis minuticornis and C. minuticornis novaepommeraniae provides 
support for the designation as one species under the biological species concept. The 
examination of the type specimens of C. minuticornis and C. novaepommeraniae 
confirms Berio’s (1856) and Zaspel’s (2008) synonymy of the two species, but provides 
no evidence for Bänziger’s (1983) subspecies designation. From these results, it can be 
concluded that the subspecies of Calyptra minuticornis should be synonymized, 































Figure 2.3 Distribution map of Calyptra minuticornis’ (Guenée) range. Black points 

















Figure 2.4 Antenna of C. minuticornis (Guenée), a. male: flagellomere shape unidentate, 







Figure 2.5 Proboscis of C. minuticornis (Guenée), Th = tearing hooks, Eb = erectile barbs.
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Figure 2.7 Leg morpholgy of C. minuticornis (Guenée), a. protharacic leg, b. 














Figure 2.9 Ventral (a) and lateral (b) view of the male genitalic capsule of C. 
minuticornis (Guenée), Sa = saccus, S = sacculus, SP = process of the sacculus, J = juxta, 













Figure 2.11 Lateral view of the uncus of C. minuticornis (Guenée), a. greatly expanding 




Figure 2.12 Lateral view of the aedeagus of C. minuticornis (Guenée), Crn = cornutal 





Figure 2.13 Lateral view of the aedeagus of C. minuticornis (Guenée), a. Crn occurring 
on the inner margin of the curvature of the aedeagus, b. Crn occurring on the in and 





Figure 2.14 Lateral view of the female genitalia of C. minuticornis (Guenée), Db = 






































Figure 2.16 The strict consensus tree retained from 53 most parsimonious trees (MPTs) 
with a total branch length (TBR) of 29. Red node colors represent the outgroup taxa and 
black represents ingroup taxa. 
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Calyptra minuticornis novaepommeraniae (Noct.1542)
Calyptra minuticornis novaepommeraniae (Noct.9939/ NHM#21832)
Calyptra minuticornis novaepommeraniae (JS033)
Calyptra minuticornis minuticornis (Noct.10575)
Calyptra minuticornis minuticornis (JS039)
Calyptra minuticornis minuticornis (Noct.9938)
Calyptra minuticornis minuticornis (Noct.10572)
Calyptra minuticornis minutcornis (JS041)
Calyptra minuticornis minuticornis (Noct.9917/ NHM#21830)
Calyptra minuticornis minuticornis (Noct.1541)
Calyptra minuticornis minuticornis (Noct.10576/ NHM#21829)
Calyptra minuticornis minuticornis (Noct.10063/ JS027)
Calyptra minuticornis novaepommeraniae (Noct.10545)
Calyptra minuticornis minuticornis (Noct.10543)
Calyptra minuticornis minuticornis (JS030/ JS031)
Calyptra minuticornis minuticornis (JS037)
Calyptra minuticornis novaepommeraniae (Noct.1543)
Calyptra minuticornis novaepommeraniae (NHM#21836)
Calyptra minuticornis minuticornis (Noct.10062)
Calyptra minuticornis minuticornis (USNM 42.319)
Oraesia emarginata (JMZ389/ JMZ388)
Calyptra minuticornis minuticornis (JS006/ JS040)
Calyptra minuticornis novaepommeraniae (Noct.1539)
Calyptra minuticornis minuticornis (Noct. 1540)
Calyptra minuticornis novaepommeraniae (Noct.10544)
Calyptra minuticornis novaepommeraniae (JMZ527)
Calyptra minuticornis novaepommeraniae (JS042/ JMZ525)
Calyptra minuticornis novaepommeraniae (NHM#21833)
Calyptra minuticornis novaepommeraniae (JS034)
Calyptra minuticornis minuticornis (USNM 42.317/ NHM#21837)
Calyptra minuticornis novaepommeraniae (JS035)
Calyptra minuticornis minuticornis (Noct.10573)
Calyptra minuticornis minuticornis (NHM#21831)
Calyptra minuticornis minuticornis (Noct.10542)
Calyptra minuticornis novaepommeraniae (Noct.9940)
Calyptra minuticornis minuticornis (Noct.1538)
Calyptra fasciata (Noct.9911/ JMZ330)
Calyptra minuticornis novaepommeraniae (Noct.10061)
Calyptra minuticornis minuticornis (Noct.9758/ Noct.21835)
Calyptra minuticornis novaepommeraniae (Noct.10574)
Calyptra minuticornis novaepommeraniae (JMZ526)
Calyptra minuticornis novaepommeraniae (JS043/ JMZ524)
Calyptra minuticornis minuticornis (JS032/ JS029)
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Figure 2.17 The most parsimonious tree rooted with outgroup taxa Oraesia emarginata 
Fabricius and Calyptra fasciata (Moore). Node values indicate jackknife support. Colors 





Figure 2.18 Multidimensional scaling plot (MDS) showing the relationship between C. 



























Figure 2.19 The beta disperation of the dissimilary matrix, C. minuticornis minuticornis 
(Guenée) is indicated by black, C. minuticornis novaepommeraniae (Strand) is red, and 
































Figure 2.20 Multidimensional scaling plot (MDS) showing the relationship between 
individuals East and West of Wallace’s Line. 
























East of Wallace's Line





Figure 2.21 The beta disperation of the dissimilary matrix, East of Wallace’s Line is 







































Table 2.1 Specimens examined. JS = specimens prepared by Julia L. Snyder, specimens 
prepared by JMZ = Jennifer M. Zaspel. Slides already prepared by other researchers; 
Noct, NHM, and USNM. 
 
 
Genus species author Preparation Sex Collection Country 
 
Calyptra Ochsenheimer 
   
  
INGROUP TAXA 
   
  
C. minuticornis minuticornis (Guenée) JS006 Male PERC Thailand 
  JS039 Male PERC Thailand 
  JS037 Male USNMH Sri Lanka 
  JS030 Male TFRI Taiwan 
  JS032 Male TFRI Taiwan 
  JS041 Male Bänziger Thailand 
  USNM 42.319 Male USNMH India 
  USNM 42.317 Male USNMH Philippines 
  JS031 Female TFRI Taiwan 
  JS029 Female TFRI Taiwan 
  JS040 Female Bänziger Thailand 
  JS027 Female TFRI Taiwan 
  Noct. 9938 Male NHM China 
  Noct. 10062 Male NHM India 
  Noct. 10063 Male NHM Taiwan  
  Noct. 9917 Male NHM Indonesia 
  Noct. 10542 Male NHM Borneo 
  Noct. 10543 Male NHM Borneo 
  Noct. 10572 Male NHM Borneo 
  Noct. 10573 Male NHM Borneo 
  Noct. 10575 Male NHM Timor-Leste 
  Noct. 10576 Male NHM Indonesia 
  NHM #21831 Male NHM Japan 
  Noct. 9758 Male NHM Indonesia 
  Noct. 1538 Male NHM India 
  Noct. 1540 Male NHM Sri Lanka 
  Noct. 1541 Male NHM Sri Lanka 
  NHM #21829 Female NHM Indonesia 
  NHM #21830 Female NHM Indonesia 
  NHM #21835 Female NHM Indonesia 
  NHM #21837 Female NHM Philippines 
 




Genus species author Preparation Sex Collection Country 
C. minuticornis novaepommeraniae (Strand) JS035 Male BPBM Papua New Guinea 
  JS043 Male PERC Australia 
  JS042 Male PERC Australia 
  JMZ527 Male ANIC Australia 
  JMZ526 Male ANIC Australia 
  JS034 Male ANIC Australia 
  JS033 Male ANIC Australia 
  JS038 Female Fibiger Nepal 
  JMZ524 Female ANIC Australia 
  JMZ525 Female ANIC Australia 
  JS028 Female TFRI Taiwan 
  Noct. 9939 Male NHM Papua New Guinea 
  Noct. 9940 Male NHM Australia 
  Noct. 10061 Male NHM Indonesia 
  Noct. 10544 Male NHM Indonesia 
  Noct. 10545 Male NHM Indonesia 
  Noct. 10574 Male NHM W. Celebes 
  NHM #21833 Male NHM Indonesia 
  NHM #21836 Male NHM Australia 
  Noct. 1539 Male NHM Papua New Guinea 
  Noct. 1542 Male NHM Australia 
  Noct. 1543 Male NHM Australia 
  NHM #21832 Female NHM Papua New Guinea 
OUTGROUP TAXA 
    Oraesia Guenée 
    O. emarginata Fabricius JMZ389 Male USNMH Sri Lanka 
 
JMZ388 Female USNMH Malaysia 
Calyptra 
    C. fasciata (Moore) Noct. 9911 Male NHM Myanmar 
 
JMZ330 Female Fibiger Nepal 
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CHAPTER 3. DISTRIBUTION, PHENOLOGY, AND NOTES ON THE LIFE 




3.1 Abstract  
Calyptra canadensis (Bethune), more commonly known as the Meadow Rue Owlet moth, 
is the only member of the genus Calyptra known to occur in the New World. The extent 
of this species’ range, along with its adult host breadth, remains unknown. Museum 
specimens of C. canadensis from institutions and private collections were georeferenced 
to generate the most comprehensive distribution map for the species to date. Locality data 
was analyzed to explore the phenology of C. canadensis, recovering an adult activity 
period from May to October. Larval rearing experiments were also undertaken, 
documenting the presence of five larval instar stages and a development time ranging 
from 6 to 8 weeks. Overall this study expands what is currently known about the biology 










†This chapter is published, “Snyder, J.L., et al. 2016. Distribution, phenology, and notes 
on the life history of Calyptra canadensis (Bethune) (Erebidae: Calpinae), The journal of 




Erebidae (Lepidoptera: Noctuoidea) is a diverse lineage composed of approximately 
1,760 genera including around 24,600 species (van Nieukerken et al. 2011).  Members of 
this family exhibit a vast array of feeding behaviors including lachryphagy (tear feeding), 
hematophagy (blood feeding), and frugivory (fruit eating) (Büttiker et al. 1996, Bänziger 
2007, Zaspel et al. 2011).  Within the subfamily Calpinae, obligate fruit piercing and 
facultative blood-feeding behaviors have been documented.  These feeding strategies 
have been observed in Calyptra Ochsenheimer; the vampire moth genus, both 
experimentally and in the laboratory (Bänziger 1982, 1986, 2007; Zaspel et al. 2007). 
 The genus Calyptra can be found on most continents, however only one species is 
known from the New World.  This species, Calyptra canadensis (Bethune), commonly 
known as the Canadian Owlet or Meadow Rue Owlet moth, is distributed throughout 
northeastern and central North America, occurring in open habitats including fields, wet 
meadows, and woodland edges (Wagner 2005, Wagner et al. 2011).  The larval host plant, 
Meadow Rue (Thalictrum spp. L.), is also known to occur in these types of habitats 
(Wagner 2005).   
 Like other members of the subfamily Calpinae (Kitching and Rawlins 1998), C. 
canadensis caterpillars, are heterochromatic, and exhibit a change in color as they 
progress from early to late instars. The early instars of C. canadensis tend to be “waxy 
yellow-green with or without dark subdorsal spots,” present the length of the body.  
During later instars, the dorsal coloration changes to white; yellow and black maculations 
develop laterally, and the ventral surface darkens to a uniform black (Fig. 3.1c) (Wagner 
et al. 2011).  
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 Although the general larval habits of C. canadensis have been previously 
summarized, the complete life history of the species remains largely uncharacterized.  
Thus, the objective of this study was to observe, document, and illustrate the life stages of 
C. canadensis and investigate the extent of its geographic range.  An additional aim was 
to determine the degree to which flight period is linked with geographic location.  This 
relationship has been recovered in Lepidoptera in previous studies using Satyrinae as a 
model (e.g., Brakefield 1987, Pollard 1991), similar methods were employed to test this 
potential trend. Within this study, summarization of development times for each larval 
instar, estimation of the number of instars required to reach pupation, and development of 
a specimen-level locality database of C. canadensis were completed.  These data were 
used to generate a comprehensive distribution map for the species and to characterize 
adult phenology across its range.  Here, for the first time, a detailed life history dataset 
for this species and a discussion of phenological patterns in the context of geographical 
distribution are provided. 
 
3.3 Materials and Methods 
3.3.1 Rearing 
Larvae of C. canadensis were collected from Marlborough, New Hampshire during the 
summer of 2015 and obtained as freshly emerged 1st and 2nd instars (Fig. 3.1a-b).  
Individual larvae were isolated in small plastic cups with damp filter paper and fed leaves 
of Thalictrum dasycarpum Fisch. and Avé-Lall.  Larvae were placed in a controlled 
rearing room (24ºC) with a photoperiod of 16 hours.  Due to a high desiccation rate 
within the first 24hrs, methods of rearing were modified: half of the persisting larvae 
  
63 
remained in the rearing cups and were moved to a cooler location to prevent further 
desiccation.  The other larvae were placed in a rearing cage on a potted Thalictrum 
polygamum Muhl. and left within the rearing room.  These individuals were allowed to 
move freely about the plant and were not disturbed until their final instar. The change in 
host plant was solely due to availability of plant material.   
 Upon reaching the final instar, larvae were placed into a plastic rectangular 
container (2295 cm3) with 5 cm of soil on the bottom and covered with a mesh lid.  The 
soil was used in an attempt to provide the necessary resources for pupation based on the 
behaviors of related species and earlier observations of individuals surrounding 
themselves with dead leaf tissue, creating an outer casing of dry plant material.  Future 
final instars were given ample plant material to facilitate this behavior and leaves that 
were not used in the pupation process were removed.  Once pupation occurred, the pupae 
were moved to the plastic containers to give emerging moths adequate space to complete 
development. 
 
3.3.2 Measurements and Images 
To quantify larval instars, head capsules were measured periodically throughout the 
rearing process.  Measurements were grouped based on similar widths and compared to 
an individual that was tracked across its complete development.  Resulting head capsule 
widths were averaged within each group to define typical sizes for each larval instar of C. 
canadensis (Table 3.1).  In some cases, high mortality of larvae during rearing resulted in 
inconsistent replicates of head capsule measurements.  
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 High-resolution images of the larval head capsules were taken using a Leica 
DFC450 camera mounted onto a M165C stereomicroscope and measured using the Leica 
Application Suite version 4.2.0 (Leica Microsystems, USA).  Larval head capsules were 
measured at the widest point from a dorsal perspective to investigate and document the 
changes in growth during development.  Adult specimens were imaged with a Canon 
EOS Rebel T3i DSLR camera, Canon MP-E 65mm f/2.8 1-5X macro lens, controlled by 
Zerene Stacker automontage software. 
 
3.3.3 Adult Specimens Examined 
A total of 264 adult specimens were examined, and 220 records were obtained from 20 
collections; the Moth Photographers Group provided an additional 105 records. 
Institutions and private individuals that contributed locality data without the study of 
physical specimens by the authors are denoted with a “*” after the full collection name.  
  
AMNH        American Museum of Natural History (New York, NY) 
ARC             Albert J. Cook Arthropod Research Collection (East Lansing, MI) 
CNC             Canadian National Collection (Ottawa, ON, CAN)* 
CUIC           Cornell University Insect Collection (Ithaca, NY)* 
FMNH  Field Museum of Natural History (Chicago, IL) 
FLMNH          Florida Museum of Natural History (Gainesville, FL)  
SEMC        Snow Entomological Museum Collection (Lawrence, KS)* 
LACM  Los Angeles County Museum (Los Angeles, CA) 
LAFC           Les Ferge Private Collection (Middleton, WI)* 
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MCZ  Museum of Comparative Zoology (Cambridge, MA) 
MEM  Mississippi Entomological Museum (Starkville, MS)* 
NHM           The Natural History Museum (London, UK) 
NCSU          North Carolina State University (Raleigh, NC)* 
OSUC  Charles A. Triplehorn Insect Collection (Columbus, OH)* 
PERC           Purdue Entomological Research Collection (West Lafayette, IN) 
UCBC          University of Connecticut Biodiversity Research Collections (Storrs, CT)* 
UMSP          University of Minnesota Collection (St. Paul, MN) 
UNSM  University of Nebraska State Museum (Lincoln, NE)* 
USNMNH   U.S. National Museum of Natural History (Washington, D.C.) 
WIRC  Wisconsin Insect Research Collection (Maddison, WI) 
 
3.3.4 Distribution Mapping 
 To develop a comprehensive distribution map for C. canadensis, locality data were 
transcribed and georeferenced for 474 specimens from 20 institutions, private collections, 
and the Moth Photographers Group.  Databased records were georeferenced in Google 
Maps with the Lat-Long Crosshairs (Canadensys) plug-in, resulting in GPS points in 
decimal degrees following the methods of Wieczorek et al. (2012).  The georeferenced 
coordinates were then mapped using QGIS v2.12.1 Lyon (Quantum GIS Development 
Team 2009).  
3.3.5 Phenology 
To estimate the adult activity period of C. canadensis museum records were aggregated 
representing almost 150 years of collection efforts.  Specimen data were first summarized 
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by month, and then adult frequencies were compiled.  The original collection dates were 
transformed from the various formats on specimen labels to numeric ordinal date.  This is 
a date format where each day of the year is numbered sequentially 1-365 (or 1-366 on 
leap years). The georeferenced dataset was then used to compare adult collection date 
with latitude of collection locality.  A simple linear regression was performed in RStudio 
v.0.99.879 (RStudio Team 2016) to demonstrate the relationship between latitude as a 
predictor of adult activity period. Prior to the linear regression, ordinal dates were binned 
by two degrees latitude and a standard deviation (SD) was calculated for each bin. 
Calculating the SD of ordinal date allowed for the summarization of total variation of 
adult activity within its representative bin.  In this manner, a larger SD corresponds to a 
longer adult active period than that of a smaller SD.  All graphs were created with the 
package ggplot2 (Wickham 2009) in RStudio v.0.99.879 (RStudio Team 2016). 
 
3.4 Results and Discussion 
3.4.1 Larval Morphology 
Throughout the rearing process, morphological changes were observed and recorded.  
Eggs were spherical with longitudinal ridges radiating from the micropylar region (Fig. 
3.1a). First instar larvae were uniformly bright green and developed dark, lateral spots in 
the second instar (Fig. 3.1b). Two dark bands running the length of the body were present 
in the second instar but were secondarily lost in the third; lateral spots were more 
prominent during the third instar.  The head capsule transformed from a very light, almost 
translucent green, to an opaque darker green, and then finally yellowing with the addition 
of some black maculations. During the 4th and 5th instars, the body coloration became 
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more complex.  The ventral surface darkened significantly and a clear division between 
that and the dorsal surface was apparent. Lateral spots remained clear on a generally 
uniform yellow background.  The dorsum was green in coloration and developed intricate 
black and yellow markings that persisted the full length of the larva (Fig. 3.1c).   
 The analysis of larval instars provided evidence for a total of five instar stages for 
C. canadensis. Head capsule width increased by an average ratio of 1.71 for each 
successive instar. The reported head capsule widths are in general agreement with 
predicted widths using Dyar’s method (Dyar 1890). Deviations from the predicted head 
capsule widths in the last two instars are likely due to a small sample size and it is 
unlikely an instar was missed. Development times varied under the rearing conditions, 
yet most individuals on the plant reached pupation at approximately 4-5 weeks.  The 
individuals kept in rearing cups had an average development time of 5-6 weeks.  




Locality data collected as part of the study resulted in a comprehensive range map for C. 
canadensis (Fig. 3.2).  Black points represent adult specimen records and the range for 
the host plant, Thalictrum spp., is illustrated with grey shading.  The breadth of the 
species’ range begins in the Canadian province of Alberta and extends east to the 
province of Nova Scotia persisting as far south as Georgia and continues west across the 
Midwest to Kansas.  For the northern extent of C. canadensis’ range, the distribution and 
habitat data largely agree with Wagner (2005) and Wagner et al. (2011).  Specifically, 
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records documenting collection events in bogs, fens, prairies, and other fragile habitats 
were observed across southern Canada and the northern Midwest, while specimens from 
the east coast and across the southern extreme of the range were more commonly 
collected in woodland habitats.  
 From the resulting dataset, complete overlap between C. canadensis and its host 
plant was observed, although the range for Thalictrum spp. is much broader.  This 
discrepancy could be driven, in part by the vast diversity of the genus Thalictrum or 
unknown host limits for C. canadensis.  The expansive distribution of the larval host, but 
relatively restricted range of the adult moth, suggests other factors could be influencing 
or driving distribution in this species.  The adult feeding behaviors and host preferences 
of C. canadensis are also vastly uncharacterized, but it is likely an obligate fruit piercer 
like most other species within the genus.  Recent laboratory experiments resulted in the 
first video observations of adult C. canadensis piercing fruit for 15 minutes (Zaspel et al. 
unpublished).  Thus, the availability of adult fruit hosts could be another factor shaping 
the range of C. canadensis.  
 
3.4.3 Phenology 
Museum records were used to estimate the adult phenology of C. canadensis throughout 
its distribution. The results from this study confirm the adult activity period for C. 
canadensis is from May to October (Fig. 3.3).  The majority of adult specimen records 
(49%) were recorded from July; 22% of C. canadensis records were recorded from both 
June and August, respectively.  These three months account for 515 out of the 553 total 
records that were included. The adult activity period was then visualized using a 
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scatterplot (Fig. 3.4).  Our dataset shows a wider range of collection dates for C. 
canadensis associated with lower latitude with the range narrowing as latitude increases.  
Above the 47th parallel, the flight period of C. canadensis was limited to approximately 
60 days; below the 40th parallel the flight period range roughly doubled.  A linear 
regression comparing the variation of dates (y) collected across the latitude gradient (x) 
showed a significant trend (y = -4.65x + 46.09; F1,6=55.46; p-value <0.001; R2=0.8861) 
of decreasing variation, and therefore a reduction in adult activity period with increasing 
latitude. This could mean that individuals of C. canadensis are reproductively active for 
longer periods of time the further south in the range they are found. In general, our 
findings support the hypothesis that C. canadensis’ activity period tends to be longer in 
warmer temperatures, and gives valuable information on the times of the year that it 
could be collected.  
 This study provides a comprehensive characterization of the life history and 
distribution of the Meadow Rue Owlet Moth, C. canadensis.  This species completes 
development through five larval instar stages and takes approximately eight weeks to 
reach adulthood.  An analysis of distribution and activity period for C. canadensis was 
documented across a latitude gradient, providing necessary temporal data that could be 
used in targeted collection of this species.  A thorough understanding of C. canadensis’ 
life history, distribution, and phenology will ensure the establishment of laboratory 
colonies for future physiological and behavioral experiments. Prior to this work, 
controlled studies on a vampire moth species were not possible.  This contribution will 
allow researchers to unravel the molecular and environmental underpinnings of the 




Figure 3.1 Calyptra canadensis (Bethune) life stages A. eggs, B. 2nd instar larva, C. 5th 





Figure 3.2 Distribution map for Calyptra canadensis (Bethune), with larval host plant 











Figure 3.4 Collection data for Calyptra canadensis (Bethune) graphed across latitude 
gradient of locality. Date of specimen collection transformed to ordinal numbering 










Table 3.1 Larval head capsule measurements with estimated corresponding instar and 










Instar Number of Individuals Average Width (mm) Dyar’s Law 
1 11 0.30 _ 
2 19 0.62 0.51 
3 1 0.96 0.88 
4 2 1.84 1.50 
5 3 2.40 2.56 
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CHAPTER 4. A SURVEY OF CHEMOSENSORY GENE EXPRESSION PATTERNS 






While obligatory fruit piercing has been observed in males and females of nearly all 
Calyptra species, blood feeding is limited to adult males of ten species. The biological 
mechanisms driving host preference for either plant or vertebrate hosts in this lineage are 
unknown. Chemosensory systems, including olfactory and gustatory, are known to play a 
significant role in host recognition and selection in insects and other animals.  Thus, 
investigating the molecular foundations of chemosensory systems in Calyptra could 
provide key insights into the evolution of their adult feeding behaviors. In this study, 
transcriptomes of five Calyptra species were examined for candidate chemosensory 
genes. A total of 83 candidate genes were identified in Calyptra, which included: 52 
chemosensory protein genes (CSP), 19 odorant binding protein genes (OBPs), 6 
carboxyleserase (CXEs), and 6 cytochromes P450 (CYPS). Expression profiles of a 
subset of the 83 genes revealed no significant difference in chemosensory transcript 
expression patterns between blood and non blood-feeding Calyptra species. This initial 
survey advances what is known about the chemosensory systems within Calyptra and 
provides a valuable resource for future functional genomic studies within vampire moths 




The genus Calyptra has intrigued Lepidopterists for years due to its obligate fruit 
piercing and facultative blood-feeding behaviors. Across the genus, the adults have been 
reported using their modified proboscis to pierce a variety of both hard and soft skinned 
fruits (i.e., citrus, figs, grapes, and raspberries) (Bänziger 1970, 1975, 1986, 1989, 2007; 
Hattori 1969). The wounds produced by these piercing moths have caused premature fruit 
rotting, facilitated the transmission of disease, and have allowed for the invasion by 
secondary pests (Todd 1959; Buttiker 1962; Sands 1993).  
Although Calyptra has been found on most continents, species displaying 
hematophagy appear to be restricted to South and Southeast Asia, and Far Eastern Russia 
(Bänziger 1989, 2007; Zaspel et al. 2007). Ten out of the seventeen species of Calyptra 
exhibit blood-feeding behavior, but only in males. Some of the vertebrate hosts of these 
Calyptra species include pigs (Sus spp.), water buffalo (Bubalus sp.), elephants (Elephas 
sp.), and humans (Hattori 1969; Bänziger 1970, 1975, 1986, 1989, 2007; Zaspel et al. 
2007). Evidence has been found to support the hypothesis of differential feeding 
behaviors in Calyptra being influenced by geographic location, elevation, or even 
perhaps climate variables in C. thalictri (Borkhausen), C. fletcheri (Berio), and C. 
minuticornis (Guenée) (Bänziger 1979, 1989; Zaspel et al. 2007, 2014). 
Previous authors have attempted to understand the origins and evolutionary 
progression of this feeding behavior. One of the earlier hypotheses by Bänziger (1971, 
1989) suggested that the skin-piercing and blood-feeding behavior evolved from primary 
and secondary fruit piercing. Downes (1973) and Hilgartner et al. (2007) however, 
proposed alternative hypotheses regarding the evolution of blood feeding in Calyptra and 
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suggested the behavior is derived from other animal-associated feeding behaviors (i.e. 
tear or dung feeding). In Zaspel et al.’s (2012) molecular analysis of Calpinae, they 
provided strong support for the blood-feeding habit evolving from plant-associated 
feeding behaviors as opposed to animal-associated feeding behaviors. Although the 
evolutionary progression of this lineage’s feeding behavior has been documented, the 
molecular basis behind host switching in Calyptra species that can feed on both plant and 
animal hosts as adults is unknown. 
Olfactory and gustatory systems are known to play a significant role in facilitating 
insect behaviors, such as host recognition, reproduction, and predator avoidance (Hallen 
et al. 2006). A diverse range of chemosensory genes have been identified to be involved 
with insect olfaction including chemosensory proteins (CSPs), odorant binding proteins 
(OBPs), odorant receptors (ORs), odorant degrading enzymes (ODEs), sensory neuron 
membrane proteins (SNMPs), gustatory receptors (GRs), and ionotropic receptors (IRs) 
(Grosse-Wilde et al. 2011; Leal 2013).  
The characterization of these chemosensory gene families has largely been 
completed using genome sequencing. These types of studies have contributed to our 
understanding of olfactory and gustatory systems in multiple insect orders (Bonizzoni et 
al. 2011; Eyres et al. 2016). Although progress continues to be made in this area, studies 
have predominantly been focused on insect model systems (e.g., Bombyx mori (Linnaeus) 
(Wanner et al. 2007), Aedes aegypti (Linnaeus) (Nene et al. 2007), and Drosophila 
melanogaster Meigen (Graham and Davies 2002). Recent next-generation sequencing 
methodologies, such as RNA-sequencing (RNA-seq) have enabled identification of 
chemosensory genes in non-model species where an annotated genome is not available 
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(Bengtsson et al. 2012; Poivet et al. 2013; Zhang et al. 2015; Xiao et al. 2016). This 
methodology permits multiple applications, including relative gene expression analyses, 
discovery of novel transcripts and isoforms, and the exploration of non-model organism’s 
transcriptomes (Wang et al. 2009; Fang and Cui 2011; Li and Dewey 2011; Andres et al. 
2013).  
Thus, the objectives of this study were to: 1) investigate potential candidate 
chemosensory genes in Calyptra species and 2) to test whether there is a differential 
pattern of gene expression between blood and non blood-feeding Calyptra species using 
RNA-seq methodologies. We used transcriptome sequences of five Calyptra species, C. 
minuticornis (Guenée), C. orthograpta (Bulter), C. canadensis (Bethune), C. lata (Bulter), 
and C. thalictri (Borkhausen) to screen for putative chemosensory genes, and compare 
chemosensory transcript expression profiles, for a subset of candidate genes, between and 
among species exhibiting differential feeding strategies. 
 
4.3 Materials and Methods 
4.3.1 RNA-Seq Dataset 
Specimens of representative male Calyptra species were sampled from the documented 
feeding guilds known to occur within the genus (i.e., fruit-piercing only versus a 
combination of fruit and skin piercing); two to three replicates were used for each species, 
when available (Fig. 4.1).  
 Zaspel et al. (unpublished) extracted RNA from whole bodies of male Calyptra 
species using a TRIzol RNA extraction protocol (Invitrogen, LifeTechnologies) and a 
Qiagen Rneasy kit (California, USA). RNA quality and quantity were evaluated using a 
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NanoDrop 2000 Spectrophotometer (ThermoScientific) and a Bioanalyzer 2100 (Agilent 
Technologies). Indexed libraries were then generated using a TruSeq Stranded mRNA 
Sample Prep Kit (Illumina) and sequenced (HiSeq2500, Illumina). Transcriptome data 
was generated for adult moths of five Calyptra species, including C. minuticornis, C. 
orthograpta, C. canadensis, C. lata, and C. thalictri (Table 4.1) (Zaspel et al. 
unpublished). A de novo assembly of RNA-seq data was completed using Trinity 
(Grabherr et al. 2011) and the reads were back-mapped (the process of aligning short 
reads to a reference sequence) to the Trinity assembles using Bowtie2 (Langmead and 
Salzberg). The de novo assemblies and the initial bioinformatics were completed at the 
Purdue University Genomics Core Facility (West Lafayette, IN).  
 
4.3.2 Identification of Candidate Genes 
The five assembled Calyptra transcriptomes were used to conduct a preliminary survey 
of the following candidate chemosensory genes: cytochromes P450 (CYPS), 
chemosensory proteins (CSPs), gustatory receptors (GRs), ionotropic receptors (IRs), 
odorant receptors (ORs), odorant coreceptor (ORCOs), pheromone binding proteins 
(PBPs), sensory neuron membrane proteins (SNMPs), odorant binding proteins (OBPs), 
and carboxyleserase (CXEs) previously identified in Lepidoptera and other insect orders. 
These candidate genes were analyzed with BLASTx searches against custom-made 






4.3.3 Analysis of Differently Expressed Genes 
To investigate differently expressed transcripts between and among Calyptra species, the 
edgeR package (Robinson et al. 2010) was implemented in Bioconductor v.3.2 (Huber et 
al. 2015). The weighted trimmed mean of M-values (TMM) normalization was 
performed to normalize gene counts among different samples and the counts per million 
(CPM) values were calculated. A tag-wise dispersion of a negative binomial distribution 
for each gene was estimated and used in the exactTest function in the edgeR package to 
identify differently expressed genes (Robinson et al. 2010). Each sample was compared 
to the C. lata transcriptome. The species C. lata was chosen as the reference sample 
based on prior knowledge of it being only a fruit-piercer compared to the other samples. 
Venn diagrams were used to show the intersection of the top 20 up-regulated expressed 
genes identified in each species using the LogFC values (Oliveros 2007-2015). The 
variance across samples and genes were visualized using a multidimensional scaling plot 
(MDS) and a hierarchical clustering analysis was completed to test the level of similarity 
between samples (Chen et al. 2016). A heat map using the CPM values illustrated 
expression levels of candidate genes between and among species (Chen et al. 2016).  
 
4.4 Results 
4.4.1 RNA-Seq Dataset 
The results from Illumina sequencing for each species replicate are present in Table 4.2 
and Table 4.3. After removing adaptors and low quality reads, RNA libraries for each 
species were assembled. The combined trinity assembly of the four C. lata whole body 
tissue transcriptomes contained 390,743 contigs with a mean length of 693 bp and a N50 
  
81 
length of 1,157 bp. The two-pooled assemblies of C. minuticornis contained 213,288 
contigs with a mean length of 582 bp and a N50 length of 818 bp. The C. orthograpta 
joined assembly comprised of 332,580 contigs with a mean length of 562 bp and a N50 
length of 758 bp. The assembly of C. canadensis specimens contained 214,791 contigs 
with a mean length of 633 bp and a N50 length of 963 bp. The combined assembly of C. 
thalictri contained 253,826 contigs with a mean length of 634 bp. and a N50 of 1,000 bp 
(Table 4.4). 
 
4.4.2 Identification of Candidate Genes 
Analysis of the transcriptome data for the five Calyptra species identified 83 candidate 
chemosensory genes, which included: 52 chemosensory protein genes (CSPs), 19 odorant 
binding protein genes (OBPs), 6 carboxylesterase (CXEs), and 6 cytochromes P450 
(CYPs) (Table 4.5).  
 
4.4.3 Analysis of Differently Expressed Genes 
Out of the 83 identified putative chemosensory candidate genes, 74 were selected to test 
variation in transcript expression patterns. These 74 candidate genes were found to be 
present in all five species. The tag-wise dispersion analysis tested for differential 
expression between two groups of count libraries and provided the log-fold change 
(logFC), log of the counts per million values (logCPM), p-value, and false discovery rate 
(FDR) for each gene (Table 4.6). The Venn diagram visualization showed that 16 out of 
the top 20 up-regulated candidate genes were identified in all of the represented species 
when compared to the reference (i.e., C. lata) (Fig. 4.2). 
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 Gene expression was found to be relatively uniform across the species sampled 
(Fig. 4.3.). However, moderate variation in expression pattern for a subset of candidate 
genes was observed. For example, C. lata was shown to have a much lower expression of 
two chemosensory protein genes (CSP) and one odor binding protein gene (OBP) 
compared to other Calyptra species sampled. In another gene (CSP12), C. lata also 
exhibited a different expression pattern of the chemosensory protein 12 when compared 
with the remaining Calyptra species.  
  The multidimensional scaling plot (MDS) analysis shows biological replicates 
clustered together, indicating transcript expression within species is more similar than 
among species (Fig. 4.4.). While these findings are expected, one replicate each from C. 
thalictri and C. lata are shown to cluster outside of the remaining members of that 
species. These results require further investigation and could possibility indicate outlier 
samples. The results from the clustering analysis suggest expression patterns are notably 
similar to the resulting MDS plot (Fig. 4.5).   
 
4.5 Discussion 
In this study, we analyzed the transcriptomes of C. minuticornis, C. orthograpta, C. 
canadensis, C. lata, and C. thalictri to confirm chemosensory-specific genes and to 
investigate possible underlying genetic patterns related to host switching in Calyptra. 
From the five transcriptomes, we identified the first candidate chemosensory genes 
within Calyptra, including 52 CSPs, 19 OBPs, 6 CXEs, and 6 CYPs previously 
discovered in other lepidopteran and insect species. 
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 Our initial survey suggests there is no significant difference in chemosensory 
transcript expression patterns between blood and non blood-feeding Calyptra species. 
Expression profiles of the 74 putative chemosensory genes were shown to be relatively 
uniform across all species. When comparing the top up regulated genes in each species 
from the tag-wise dispersion analysis, 16 of these 20 genes were found to be present in all 
species. These included 9 odor binding protein genes and 5 chemosensory protein genes 
that have been previously identified to be expressed in the following lepidopteran species: 
Helicoverpa armigera (Hübner), Papilio xuthus Linnaeus, Sesamia inferens (Walker), 
and Spodoptera exigua (Hübner), Dendrolimus houi Lajonquière, and Dendrolimus 
kikuchii Matsumura (Zhang et al. 2011; Futahashi et al. 2012; Zhang et al. 2013; Zhu et 
al. 2013; Zhang et al. 2014). These findings advance what is currently known about the 
chemosensory systems within Calyptra and provide a foundation for future olfaction-
based studies within the vampire moth genus. 
Although our analysis did not recover significant differences in expression patterns 
between feeding guilds within Calyptra, future work on host switching in this genus 
could elucidate new patterns. Recent work exploring chemosensory gene families in other 
insect orders has provided evidence for their role in host recognition and selection in 
insects (McBride 2007; Eyres et al. 2016). By using a large-scale transcriptome 
sequencing approach Eyres et al. (2016) investigated and compared gene expression 
variation across pea aphid races when reared on the same host plant versus different host 
plants. Their results identified a change in expression between races of pea aphid and 
revealed differences in expression patterns based on the host plant the aphids were reared 
on (Eyres et al. 2016).  
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 A similar study examining the evolution of chemosensory receptors in 
Drosophila species explored whether “chemosensory genes are subject to novel 
evolutionary pressures when insects enter new niches during host shifts or host 
specialization events” (McBride 2007). McBride (2007) compared the rates of gene loss 
and substitution among Drosophila species and provided evidence that shifts from 
generalist to specialist fruit hosts can be linked to high rates of chemosensory gene loss 
(McBride 2007). Implementing this type of approach within the Calyptra lineage along 
with additional studies (i.e., controlled laboratory experiments and adult feeding assays) 
could provide novel insights about the evolution of blood feeding within the vampire 
moth genus. This taxon gives us a relatively rare opportunity to study the molecular 
mechanisms of switching between plant and animal food sources and its potential role in 














Figure 4.1 Representatives of the Calyptra species sampled: A) C. minuticornis 
(Guenée), B) C. orthograpta (Bulter), C) C. canadensis (Bethune), D) C. lata (Bulter), E) 





Figure 4.2 Venn diagram visualization of the top 20 up-regulated expressed genes being 





















                                                                                                                      
Figure 4.3 Heatmap depicts expression of candidate chemosensory genes (rows) in 
Calyptra species (columns); C. minuticornis (Guenée) (Cmin), C. thalictri (Borkhausen) 














































































































































Figure 4.4 Multidimensional scaling plot (MDS) showing the relationship between all 
pairs of Calyptra samples.   
 











MDS Plot of All Samples and All Genes

























Figure 4.5 Consensus dendrogram illustrating the level of similarity between taxa 












































































Table 4.1 Summary of transcriptome assembly statistics for Calyptra lata (Bulter), C. 












bases # Large contigs 
Calyptra lata 
(Bulter) 
010556 clata 135 
15,727,131,417 390,743 271,111,637 138,633 
010557 clata 137 




010553 cthal 064 
16,780,730,879 253,826 161,024,876 82,857 
010554 cthal 088 










































Table 4.2 Illumina sequencing raw reads.  
  
Taxa (Genus species 
Author) Assembly Identifier 
Raw reads 
Total reads Bases Max Length 
Calyptra lata (Bulter) 
010556 clata 135 53,226,022 5,375,828,222 101 
010557 clata 137 49,934,152 5,043,349,352 101 
010558 clata 139 56,464,768 5,702,941,568 101 
004862 clata-32y - - - 
Calyptra thalictri 
(Borkhausen) 
010553 cthal 064 65,225,220 6,587,747,220 101 
010554 cthal 088 50,779,734 5,128,753,134 101 




JMZ001 47,715,778 4,819,293,578 101 
007726-JZUM04 46,474,070 4,693,881,070 101 
Calyptra orthograpta 
(Bulter) 
007724 JZTH122 121,564,994 12,278,064,394 101 
007725 JZTH196 94,365,994 9,530,965,394 101 
Calyptra minuticornis 
(Guenée) 
007722-JZTH 120 89,893,694 9,079,263,094 101 






















































Adapter trimmed & Quality clipped reads 












clata 135 52,736,408 5,260,715,865 30 99 101 0 2 
010557 
clata 137 49,333,738 4,915,371,419 30 99 101 1 2 
010558 
clata 139 55,840,578 5,559,492,438 30 99 101 1 2 
004862 





cthal 064 64,641,090 6,454,040,269 30 99 101 0 2 
010554 
cthal 088 50,163,186 4,993,121,711 30 99 101 1 2 
010555 







47,132,544 4,690,839,799 30 99 101 1 2 
007726-





JZTH122 118,177,286 10,987,843,870 30 92 101 2 10 
007725 





JZTH 120 87,699,042 8,120,806,664 30 92 101 2 10 
007723-
JZTH121 45,692,328 4,187,828,587 30 91 101 2 11 
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Table 4.4 Transcriptome results generated from the combined Trinity assemblies for  
























species Author) Assembly Identifier  
All Contigs 





010556 clata 135 
390,743 271,111,637 0 - 23,543 1,157 693 
010557 clata 137 





010553 cthal 064 
253,826 161,024,876 0 - 23,558 1,000 634 010554 cthal 088 





















Table 4.5 GenBack accession numbers of identified candidate genes. 
 
Genus species NCBI Voucher Number Name Functional Group 
Spodoptera littoralis JX310077.1 CYP6AE47 Cytochromes_P450  
Depressaria pastinacella AY295774.1 CYP6AE1 Cytochromes_P450  
Manduca sexta GU731531.1 CYP6AE32 Cytochromes_P450  
Bombyx mandarina EU273877.1 CYP6AE9 Cytochromes_P450  
Spodoptera littoralis JQ979046.1 CYP304F4 Cytochromes_P450  
Zygaena filipendulae GQ915318.2 CYP304F2 Cytochromes_P450  
Agrotis ipsilon  JX863696 CSP1 Chemosensory_Protien 
Dendrolimus houi  KF487626 CSP14 Chemosensory_Protien 
Dendrolimus houi  KF487618 CSP6 Chemosensory_Protien 
Dendrolimus kikuchii  KF487641 CSP12 Chemosensory_Protien 
Dendrolimus kikuchii  KF487633 CSP4 Chemosensory_Protien 
Sesamia inferens  KC907749 CSP13 Chemosensory_Protien 
Sesamia inferens  KC907752 CSP16 Chemosensory_Protien 
Sesamia inferens  KC907753 CSP17 Chemosensory_Protien 
Agrotis ipsilon  JX863702 CSP7 Chemosensory_Protien 
Mamestra brassicae  AF255918 CSP Chemosensory_Protien 
Sesamia inferens  KC907756 CSP20 Chemosensory_Protien 
Antheraea yamamai  HM536615 CSP Chemosensory_Protien 
Manduca sexta  AJ973460 ORF11 Chemosensory_Protien 
Agrotis ipsilon  JX863698 CSP3 Chemosensory_Protien 
Bombyx mandarina  EU439267 CSP3 Chemosensory_Protien 
Bombyx mori  EF514895 CSP3 Chemosensory_Protien 
Helicoverpa armigera  HQ874664 CSP4 Chemosensory_Protien 
Helicoverpa armigera  JX305304 CSP9 Chemosensory_Protien 
Heliothis virescens  AY101512 CSP1 Chemosensory_Protien 
Mamestra brassicae  AF255919 CSP Chemosensory_Protien 
Sesamia inferens  KC907742 CSP6 Chemosensory_Protien 
Spodoptera exigua  EF186794 CSP2 Chemosensory_Protien 
Bombyx mori  JQ253634 CSP2 Chemosensory_Protien 
Lonomia obliqua  AY829852 CSP1 Chemosensory_Protien 
Agrotis ipsilon  JX863697 CSP2 Chemosensory_Protien 
Bombyx mori  DQ855514 CSP8 Chemosensory_Protien 
Sesamia inferens  KC907741 CSP4 Chemosensory_Protien 
Bombyx mori  DQ855517 CSP11 Chemosensory_Protien 
Chilo suppressalis  KC579435 CSP7 Chemosensory_Protien 
Cnaphalocrocis medinalis  KC507182 CSP3 Chemosensory_Protien 
Dendrolimus houi  KF487622 CSP10 Chemosensory_Protien 
Dendrolimus kikuchii  KF487638 CSP9 Chemosensory_Protien 
…Continued on the next page 
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Helicoverpa armigera  HQ874660 CSP3 Chemosensory_Protien 
Helicoverpa armigera  HQ874662 CSP6 Chemosensory_Protien 
Sesamia inferens  KC907755 CSP19 Chemosensory_Protien 
Bombyx mori  NM_001043715 CSP13 Chemosensory_Protien 
Manduca sexta  AJ973455 ORF6 Chemosensory_Protien 
Manduca sexta  AJ973456 ORF7 Chemosensory_Protien 
Papilio xuthus  AB260124 CSP8a Chemosensory_Protien 
Papilio xuthus  AB430774 CSP8b Chemosensory_Protien 
Amyelois transitella  GQ433369 CSP1 Chemosensory_Protien 
Bombyx mori  NM_001043587 CSP4 Chemosensory_Protien 
Cactoblastis cactorum  U95046 CSP Chemosensory_Protien 
Spodoptera exigua  EF186795 CSP3  Chemosensory_Protien 
Spodoptera litura  DQ007458 CSP  Chemosensory_Protien 
Papilio xuthus  AB260123 CSP Chemosensory_Protien 
Pieris canidia  EU091478 CSP Chemosensory_Protien 
Dendrolimus houi  KF487623 CSP11 Chemosensory_Protien 
Dendrolimus kikuchii  KF487643 CSP14 Chemosensory_Protien 
Dendrolimus kikuchii  KF487645 CSP16 Chemosensory_Protien 
Manduca sexta  AJ973458 ORF9 Chemosensory_Protien 
Sesamia inferens  KC907747 CSP11 Chemosensory_Protien 
Mamestra brassicae AF461143.1 PBP4 Odor_binding_proteins 
Spodoptera frugiperda AY995192.1 PBP4 Odor_binding_proteins 
Helicoverpa armigera  HQ436368 OBP7 Odor_binding_protein 
Mamestra brassicae  AF461143 OBP4 Odor_binding_protein 
Agrotis ipsilon  JX863690 OBP2 Odor_binding_protein 
Dendrolimus houi  KF487581 OBP13 Odor_binding_protein 
Dendrolimus kikuchii  KF487609 OBP21 Odor_binding_protein 
Papilio xuthus  AK401337 Px-0413 Odor_binding_protein 
Chilo suppressalis  KC492499 OBP2 Odor_binding_protein 
Galleria mellonella L41640 sericotropin Odor_binding_protein 
Manduca sexta AF393501 ABP8 Odor_binding_protein 
Spodoptera exigua  JX962792 OBP9 Odor_binding_protein 
Helicoverpa armigera JQ753075 OBP17 Odor_binding_protein 
Helicoverpa assulta KC111817 OBP17 Odor_binding_protein 
Dendrolimus houi  KF487585 OBP17 Odor_binding_protein 
Dendrolimus kikuchii  KF487608 OBP20 Odor_binding_protein 
Plutella xylostella  AB180437 sericotropin-like Odor_binding_protein 
Plutella xylostella  AB189031 ABP Odor_binding_protein 
Papilio xuthus  AK401575 Px-0846 Odor_binding_protein 
…Continued on the next page 
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Spodoptera littoralis FJ652447.1 CXE4 carboxylesterase 
Spodoptera exigua KC493657.1 CXE4 carboxylesterase 
Spodoptera exigua JF728803.1 CXE14 carboxylesterase 
Spodoptera littoralis FJ652450.1 CXE7 carboxylesterase 
Spodoptera littoralis FJ652457.1 CXE14 carboxylesterase 
















































Table 4.6 Tag-wise dispersion results for comparison of each species with the reference, 
Calyptra lata (Bulter) for the 20 top-regulated candidate genes. The log-fold change 
(logFC), log of the counts per million values (logCPM), p-value, and false discovery rate 
(FDR) for each gene is provided. a) Comparison of C. canadensis (Bethune) and C. lata 
(Bulter), b) Comparison of C. minuticornis (Guenée) and C. lata (Bulter), c) Comparison 
of C. orthograpta (Bulter) and C. lata (Bulter), and d) Comparison of C. thalictri 





Gene logFC logCPM PValue FDR 
OBP7_HQ436368 9.7070 9.2348 4.49E-07 5.89E-06 
CSP11_KF487623 8.1551 13.6021 0.036 0.0849 
CSP11_KC907747 6.4738 8.4612 4.48E-05 0.0003 
CSP14_KF487626 5.8494 12.6380 1.19E-08 4.41E-07 
ABP_AB189031 5.5311 10.7155 8.32E-07 5.89E-06 
sericotropin-like_AB180437 5.5304 10.7069 7.32E-07 5.89E-06 
OBP17_JQ753075 5.5288 10.7102 9.56E-07 5.89E-06 
OBP17_KC111817 5.5288 10.7102 9.56E-07 5.89E-06 
OBP17_KF487585 5.5285 10.7066 9.03E-07 5.89E-06 
OBP20_KF487608 5.5285 10.7066 9.03E-07 5.89E-06 
Px-0846_AK401575 5.5285 10.7066 9.03E-07 5.89E-06 
OBP2_KC492499 5.5241 10.7365 3.87E-07 5.89E-06 
CSP13_KC907749 4.4880 13.5621 5.22E-09 3.87E-07 
CSP6_KC907742 4.2218 13.6571 4.10E-08 1.01E-06 
Px-0413_AK401337 4.1941 8.9471 0.0148 0.0422 
OBP9_JX962792 4.0543 10.8794 5.27E-05 0.0003 
CSP1_AY829852 3.2360 13.6294 0.0058 0.0177 
sericotropin_L41640 3.2055 11.2449 0.0038 0.0128 
CXE29_HQ122619 2.9803 12.5273 0.0029 0.0121 















Gene logFC logCPM PValue FDR 
CSP11_KF487623 16.9121 13.6021 0.0005 0.0045 
OBP7_HQ436368 8.1373 9.2348 3.32E-05 0.0005 
CSP14_KF487626 6.9096 12.6380 1.07E-10 7.95E-09 
CSP11_KC907747 6.8690 8.4612 1.04E-05 0.0002 
Px-0413_AK401337 6.2193 8.9471 9.97E-05 0.0012 
CSP16_KC907752 4.3071 13.4806 2.79E-10 1.03E-08 
CSP6_KC907742 3.9513 13.6571 2.23E-07 5.51E-06 
OBP2_KC492499 3.7460 10.7365 0.0002 0.0025 
ABP_AB189031 3.4599 10.7155 0.0009 0.0062 
OBP17_JQ753075 3.3814 10.7102 0.0012 0.0064 
OBP17_KC111817 3.3814 10.7102 0.0012 0.0064 
OBP17_KF487585 3.3152 10.7066 0.0015 0.0064 
OBP20_KF487608 3.3152 10.7066 0.0015 0.0064 
Px-0846_AK401575 3.3152 10.7066 0.0015 0.0064 
sericotropin-like_AB180437 3.3020 10.7069 0.0014 0.0064 
OBP9_JX962792 2.8431 10.8794 0.0039 0.0137 
CXE14_FJ652457 2.7091 12.8544 0.0027 0.0102 
CSP13_KC907749 2.5053 13.5621 0.0006 0.0046 
CSP1_AY829852 2.3480 13.6294 0.0402 0.1189 
























Gene logFC logCPM PValue FDR 
CSP11_KF487623 14.6584 13.6021 0.0033 0.0101 
OBP7_HQ436368 11.7752 9.2348 2.59E-07 1.28E-06 
CSP11_KC907747 7.9729 8.4612 1.31E-07 6.91E-07 
Px-0413_AK401337 7.1588 8.9471 4.59E-06 1.88E-05 
OBP17_JQ753075 6.5338 10.7102 2.17E-08 1.34E-07 
OBP17_KC111817 6.5338 10.7102 2.17E-08 1.34E-07 
OBP17_KF487585 6.5335 10.7066 2.01E-08 1.34E-07 
OBP20_KF487608 6.5335 10.7066 2.01E-08 1.34E-07 
Px-0846_AK401575 6.5335 10.7066 2.01E-08 1.34E-07 
ABP_AB189031 6.5331 10.7155 1.84E-08 1.34E-07 
sericotropin-like_AB180437 6.5324 10.7069 1.56E-08 1.34E-07 
OBP2_KC492499 6.5291 10.7365 7.35E-09 1.09E-07 
CSP14_KF487626 6.1402 12.6380 3.15E-09 5.83E-08 
sericotropin_L41640 5.0486 11.2449 1.52E-05 5.92E-05 
OBP9_JX962792 5.0388 10.8794 9.88E-07 4.57E-06 
CSP4_KF487633 4.7156 12.3408 2.58E-06 1.12E-05 
CSP13_KC907749 4.5860 13.5621 2.70E-09 5.83E-08 
CSP6_KC907742 4.0654 13.6571 1.07E-07 6.06E-07 
CSP16_KC907752 4.0121 13.4806 2.89E-09 5.83E-08 














Gene logFC logCPM PValue FDR 
CSP11_KF487623 14.3912 13.6021 0.0024 0.0066 
OBP7_HQ436368 12.4416 9.2348 9.41E-10 1.74E-08 
CSP4_KF487633 7.5676 12.3408 6.22E-12 4.60E-10 
Px-0413_AK401337 6.6492 8.9471 1.15E-05 8.49E-05 
CSP14_KF487626 6.5324 12.6380 2.17E-10 8.01E-09 
CSP11_KC907747 4.9884 8.4612 0.0039 0.0100 
OBP2_KC492499 4.2620 10.7365 1.92E-05 0.0001 
CSP13_KC907749 4.2560 13.5621 6.16E-09 9.11E-08 
OBP17_JQ753075 4.2483 10.7102 3.96E-05 0.0002 
OBP17_KC111817 4.2483 10.7102 3.96E-05 0.0002 
OBP17_KF487585 4.2480 10.7066 3.80E-05 0.0002 
OBP20_KF487608 4.2480 10.7066 3.80E-05 0.0002 
Px-0846_AK401575 4.2480 10.7066 3.80E-05 0.0002 
ABP_AB189031 4.2476 10.7155 3.61E-05 0.0002 
sericotropin-like_AB180437 4.2469 10.7069 3.29E-05 0.0002 
CSP6_KC907742 4.0877 13.6571 2.57E-08 3.18E-07 
CSP16_KC907752 3.1772 13.4806 3.91E-07 3.22E-06 
OBP9_JX962792 3.1714 10.8794 0.0007 0.0023 
CXE4_KC493657 2.9233 12.8694 0.0007 0.0023 













The results presented in this study represent an effort to better understand the taxonomy 
and biology of the genus Calyptra in order to provide context for examining the host 
switching behavior of the vampire moth genus. The mechanisms contributing to host 
preference for either plant or vertebrate hosts in this lineage are unknown. Thus, the focus 
of this study was to investigate the chemosensory systems between and among five 
Calyptra species exhibiting differential feeding strategies (e.g., C. minuticornis (Guenée), 
C. orthograpta (Bulter), C. canadensis (Bethune), C. lata (Bulter), and C. thalictri 
(Borkhausen)). Prior life history and taxonomic knowledge of the taxa was used to 
provide context for the relationships between the species and to provide evidence of their 
feeding behaviors. However, the life history and feeding behavior of C. canadensis has 
never been documented and the taxonomic designation of the subspecies complex of C. 
minuticornis is a topic of disagreement between authors. This taxonomic designation 
requires attention since heterogeneous feeding behaviors have been observed across the 
range of C. minuticornis and could possibly provide information on the evolution of host 
switching.  
 The validity of the subspecies complex of C. minuticornis was reexamined using 
morphological data from museum specimens and the taxonomic designation was assessed 
using the phylogenetic and biological species concepts. The results from this 
reexamination provided evidence for the synonymy of C. minuticornis minuticornis and 
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C. minuticornis novaepommeraniae. Laval rearing experiments of C. canadensis were 
completed for the first time and documented the presence of five larval instars and a 
development time ranging from 6 to 8 weeks. The examination of locality data revealed 
an adult activity period for C. canadensis from May to October. Additionally, C. 
canadensis was observed piercing a strawberry under experimental laboratory conditions, 
documenting the first observed feeding behavior of this species.  
 Lastly, the study of chemosensory genes in Calyptra provided evidence for the 
expression of 83 candidate chemosensory genes. The expression patterns of a subset of 
the chemosensory candidate genes revealed no significant difference in expression 
patterns between blood and non blood-feeding Calyptra species. This is the first study to 
evaluate chemosensory genes and expression within the genus Calyptra and future 
laboratory controlled experiments and adult feeding assays could provide novel insights 
into the evolution of blood feeding within Calyptra.   
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Appendix A. Synopsis of characters and states used for the phylogenetic analysis. 
 
Head 
1. Male Antenna: Flagellomere shape. 0) bipectinate; 1) unidentata.  
2. Female Antenna: Flagellomere shape. 0) bipectinate; 1) unidentata. 
3. Proboscis: Tearing hooks in the apical region of the proboscis. 0) absent; 1) present. 
4. Proboscis: Erectile barbs occurring along the lateral and ventral margin of the 
 proboscis. 0) absent; 1) present. 
5. Proboscis: Apex of proboscis sclerotizatized forming a sharp point. 0) absent; 1) 
 present. 
6. Labial Palp: Size of first segment of the labial palp. 0) short, half as long as segment 2  
7. Labial Palp: Size of second segment of the labial palp. 0) short, as long as segment 1;  
 1) longer than segment 1. 
8. Labial Palp: Size of third segment of the labial palp. 0) short, thinner then segment 1. 
 
Thorax 
9. Prothoracic leg: Epiphysis occurring on tibia.  0) absent; 1) present. 
10. Mesothoracic leg: One pair of spurs occurring on apical half of the tibia. 0) absent; 1) 
 present. 
11. Metathoracic leg: Two pairs of spurs occurring on apical half of the tibia. 0) absent;  
 1) present. 
 
Male Abdomen 
12. Genital capsule: Shape of the saccus. 1) v-shaped. 
13. Genital capsule: Sclerotization of saccus. 0) not contiguous; 1) contiguous. 
14. Genital capsule: Shape of sacculus. 1) Contiguous with costa. 
15. Genital capsule: Shape of the apex of the sacculus. 0) entire; 1) forked; 2) long, thin, 
 sharp point  
16. Genital capsule: Process of the sacculus. 0) absent; 1) small, tooth-like with rounded       
point; 2) rounded, lobe-like. 
17. Genital capsule: Processi of juxta. 0) absent; 1) present. 
18. Genital capsule: Processi of the juxta shape round. 0) absent; 1) present  
19. Genital capsule: Size of processi (from middle of process). 0) higher than wide or 
 subequal; 1) wider than high 
20. Genital capsule: Size of juxa (including processi, using widest and highest part as 
 reference). 0) higher than wide or subequal; 1) wider than high. 
21. Genital capsule: Shape of the uncus. 0) broadly uniform before narrowing at terminus, 
 hook not prominent; 1) greatly expanding before narrowing at terminus, hook not 
 prominent; 2) greatly expanding before narrowing at terminus, hook prominent 
22. Aedeagus: Orientation. 0) straight; 1) L-shaped.  
23. Aedeagus: Cornuti occurring on the inner margin of the curvature. 0) absent; 1) 
 present. 




25. Aedeagus: Vesica lobes. 0) absent; 1) present. 
26. Aedeagus: Ornamentation of vesica lobes. 0) absent; 1) present 
 
Female Abdomen 
27. Genitalia: Shape of the ductus bursae. 0) long, heavily sclerotized tube; 1) long, 
 thin(tube-like), wider near connection to corpus bursae; 2) short, wrinkled. 
 
28. Genitalia: Shape of the corpus bursae. 0) round; 1) long, thin, bulging towards 
 terminus; 2) sac-like, unremarkable 
29. Genitalia: Surface condition of the corpus bursae. 0) Heavily wrinkled; 1) relatively 
 smooth, with wrinkling throughout; 2) wrinkled, but also stippled 
30. Genitalia: Signa of the corpus bursae. 0) absent; 1) present. 
31. Genitalia: Appendix bursae. 0) absent; 1) present.  
32. Genitalia: Shape of appendix bursae. 1) sac-like, unremarkable
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